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40 HP Electro-Mechanical Actuator Test Report

AUGUST 1993
INTRODUCTION
Scope

This report summarizes the testing performed on the 40 HP electro-mechanical
actuator (EMA) system developed on NASA contract NAS3-25799.

TEST CONFIGURATION (ref. Figure 1)
Test Article

The system under test includes the 40 HP motor controller, the 20 KHz DC to AC
inverter, the Sundstrand AC induction motor and Moog actuator.

Test Equipment

Make l ription Control #
Doric 412A, Temperature Meter 149169

Fluke 8600A, Digital Voltmeter X142994-00
Gould CL-810231-01, Instrumentation Amp E1040169-14
Gould RS3800, Strip Chart Recorder E1040169-00
HP 43A8A, Milli-ohm meter E142033-00
HP 3466A, Digital Voltmeter 145773

HP 3466A, Digital Voltmeter E334007-00
Reliance MC2512AT, Dynamometer Motor 01KA858302-PR
Tektronix 7A22, Differential Amp HC51879
Tektronix 7A26, Dual Trace Amp E1040181-00
Tektronix 11A34, 4 Channel Amp E1040175-00
Tektronix AM503, Current Probe Amp 147305
Tektronix AM503, Current Probe Amp 147307
Tektronix AMS503, Current Probe Amp E1040124-00
Tektronix DSA602, Digitizing Scope E1040250-02
Yokogawa 2533, Digital Power Meter E1040160-00
Test Plan

Testing was performed in accordance with the “40 HP Task Order System Test
Plan” REV 4 dated 7-29-93. The simultaneous measurement of inverter output
parameters (power, power factor, voltage and current) and the controller output
parameters (power, power factor, voltage and current) was not possible due to
lack of availability of two digital power meters.

The system under test was incapable of performing at full power. This shortcoming
primarily resulted from the instability of the 20 KHz link voltage. For this reason the
system was tested at lower power levels. Measurements were made with a 200 uH
per phase choke in the motor’s input circuit, except for one test without the chokes.



*Dyno-gearbox
is replaced with
ACTUATOR for
no-load actuator
tests.

DC Power |
Supply § ' .
Terminal
Resistive
Load Bank
Yokogawa
3 [[shunt 2533

Fluke
8600A ,_@ Vac

20 KHz @A Motor

b J Machine
Inverter Controlier cn

S e~

Resolver

O Measurement Points

Figure 1; Test Measurement Configuration



)

3.2

TEST PROCEDURES AND MEASUREMENT TECHNIQUES
General
There are four areas in which tests were performed on the system.

1) Motor Parameter Tests

2) Motor Characteristic Curves

3) Steady State Power Loss and Efficiency
4) No Load Actuator Tests

Each of these areas required different test procedures and measurement
techniques. The specifics are outlined in the test plan and summarized in the
following sections.

Motor Parameter Tests

When performing measurements to determine an induction motor’'s parameters
using a Pulse Density Modulated (PDM) controller as the motor driver, special
considerations must be made to ensure accurate results. Of primary importance is
the measurement of real power input to the motor.

Real power measurements are required for both blocked rotor and no load testing
to determine the Rotor Resistance and Core Loss Resistances respectively. A
problem may occur when making these measurements because of the difficulty in
resolving the motor voltage to its fundamental frequency components. The PDM
controller produces a series of 40 KHz pulses that are integrated by the motor
windings to produce a voltage of the fundamental frequency. In order to measure
the real power the phase relationship of the voltage and current need to be
identified. This is difficult if the motor voltage is a collection of discrete 40 KHz
puises.

A complete description of the motor parameter test procedure is included in
Appendix A.

Blocked Rotor Measurements:

The first step in determining the blocked rotor parameters (leakage inductance
and rotor resistance; refer to Figure 2, Appendix A) is the determination of R
equivalent (Req = Rs + Rr). This parameter is determined from the following
relationship: Req = Real Power / 2 . Because the PDM controller voltage is a
series of 40 KHz pulses, the “real power” is most easily measured over the entire
spectrum of harmonics. The Yokogawa 2533 digital power meter is capable of
this measurement. The Yokogawa 2533 digital power meter is designed to
measure complex voltage and current waveforms and then calculate the real and
apparent powers using DSP circuitry. This meter is incapable of separating the
voltage into individual magnitudes based on their harmonic content however, and
therefore cannot be used to measure the fundamental voltage magnitude and
phase.

The second step in the determination of leakage inductance requires
measurement of the voltage at the fundamental stator drive frequency. Using the



3.3

relationship Zbr = V/I the blocked rotor impedance (Zbr) may be calculated. This
impedance is then used to calculate the leakage inductance. This measurement
may be performed on the TEK 602 digital signal processing oscilloscope by using
a 7A22 differential plugin and the 602's signal averaging functions.

In summary, two types of measurements must be performed to gather the data
required to determine blocked rotor parameters. Because of test equipment
limitations, this data must be gathered at two different conditions in regard to
harmonic frequencies. The “Req” measurement is made with all harmonics
present. The “blocked rotor impedance”™ measurement is made with only
fundamental harmonics present.

No Load Measurements:

The same measurement techniques must be used with no load measurements as
with blocked rotor measurements. No load measurements are used to determine
the core loss resistance (Rm) and the magnetizing inductance (Lm).
Measurements of the voltage and real power used in determining Rm are full
spectrum in regard to frequency harmonics. The Lm measurements of voltage
and current are made at the fundamental frequency. Refer to Appendix A for a
complete description of the motor parameter test procedure.

Motor Characteristic Curves

The motor characteristic curve measurements were made in accordance with the
40 HP Task Order Test Plan, section 3.2.1. The test procedure requires that
Ids=Igs for the duration of the test. To accomplish this the motor controller must be
modified to allow the lds output to control the Igs output as well.

The data gathered to generate the curves was collected in two test periods.
Ideally all of the data pertaining to the specified measurements should be
collected at the same time, but test equipment limitations prevented this option.
The measurements were limited by the availability of only one Yokogawa 2533,
Digital Power Meter. This piece of test equipment was required to measure both
the motor's input parameters (input power, power factor, current and voltage) as
well as the inverter's output power, power factor, voltage and current. In practice
the 2533 was first used to measure the motor's input parameters at different stator
drive frequencies and drive currents. A single phase was measured, but the
measurements were confirmed for select operating points on each of the three
phases. This data was used to generate the Motor Curves relating to torque,
efficiency, power factor and horsepower.

Upon completion of the motor measurements the 2533 digital power meter was
connected at the output of the inverter. In this test configuration the remaining
measurements to determine inverter and motor controller power stage efficiency
were performed. To generate suitable results the second set of data had to be
measured with the operating points closely matched to the first set of data points.
If not a source of error is introduced. This error is caused by the tendency of the
rotor resistance to vary over temperature. If the rotor resistance changes, the
corresponding slip value to produce a given torque changes also. This results in
a torque error.

The measurements performed minimized this torque error by monitoring the

temperature of the stator, and where possible making the measurements at the
same temperature as the “Motor Curves” data. If the temperature in the secondary
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measurements was difficult to maintain, the slip was adjusted to produce the same
torque as in the previous set of measurements. This adjustment was typically
small, always less than 0.33% of the slip. This is important because if the slip was
substantially changed, the motor’s efficiency would change also. The small
change in the slip required to match the motor torque output with the previous data
will not introduce significant error in this case. This is true because the slope of
the motor efficiency / slip curve is small at the measured values, so a small change
in slip has fittle effect on the motor (or system) efficiency.

Steady State Power Loss / Efficiency Measurements

The steady state power loss / efficiency measurements provide an opportunity to
measure the optimum operating point of the system in regard to system efficiency.
This was expected to be the point at which lgs = Ids. The tests are designed to
confirm this while operating the dynamometer in the torque mode.

When operated in the torqgue mode the dyno maintains a commanded torque load
on the motor shaft. Unfortunately, this torque is not constant over different motor
speeds. In fact, the commanded torque may vary 70% or more depending on the
motor speed. When performing the loss/efficiency measurements the dyno was
commanded to provide a given torque load at the low motor speed (3000 RPM).
The commanded motor speed was then increased to the next level. The data
reveals the expected correlation between operating point efficiency and lgs/lds.

No Load Actuator Tests

The no load actuator tests were made in accordance with Attachment A of the
Task 13 statement of work. Attachment A is included in Appendix I. For the
purpose of conducting the no load actuator tests, the motor was attached to the
actuator which in turn was mounted on a table. The testing consisted of two sets
of tests. The first tests used a sine wave input signal to measure the systems
frequency response and phase shift. This was performed for amplitudes ranging
from + 0.1” to + 5.5". The frequency was varied from 0.05 Hz to 6 Hz. The
transient response of the system was measured in the second set of tests. A
square wave input signal to the system was adjusted from + 0.25” to + 5.5 at
0.15 Hz and the actuator's output position was recorded on a strip chart recorder.
Additional measurements were also made to study the response of the system at
different values of the proportional position constant (Kpp).

TESTS AND RESULTS
General

The test data gathered to satisfy the test plan is the culmination of many tests and
verifications. In all cases the data was re-measured to confirm the results. In
some cases the data was verified 3 or more times. This thorough measurement
approach was necessary due to the complex nature of the test article and because
of the opportunities for equipment error.

The high harmonic content in the PDM voltage waveform does affect the motor
parameters and the performance of the motor. The relationship between motor
parameter variations and harmonics frequencies is complex and intertwined with
the subtle nuances of motor design. In general there are two types of high
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frequency losses that affect our motor parameter measurements; stray losses and
time harmonics losses. Stray losses are high frequency losses in the machine
caused by space harmonics in the air gap flux wave. Time harmonic losses are
accentuated by the high frequency carrier of a PDM drive signal. The extent of
these losses in the Sundstrand induction motor and the affect they have on
measurement of the motor's parameters and motor performance requires further
investigation.

It is important to note that all of the Sundstrand motor testing was performed with a
sine wave motor drive, quite different from our PDM controlled motor voltage
waveform. We have no error information from Sundstrand in regard to their
measurements. References are also made to Sundstrand’'s “predicted
performance” of the motor. These figures were generated by Sundstrand during
the design phase of the motor and are included in the “ALS ACTUATOR
INDUCTION MOTOR CRITICAL DESIGN REVIEW” dated April 4, 1991.

Equipment Calibration

All test equipment was calibrated by the calibration laboratory at GDSS prior to
testing, or was calibrated as required during the testing. The dynamometer was
re-calibrated when certain test results were not repeatable. The problem turned
out to be caused by the dynamometer gear reduction unit.

The gear reduction unit has a 4:1 gear ratio which reduces the motor's speed to
the maximum dynamometer capability of 3500 RPM. The unit was advertised as
having an efficiency of 98%. At the relatively low torque levels our system
operates at, however, the gearbox friction was significant. Upon discovery of the
problem, tests were performed to characterize the gearbox’s frictional losses.
These tests revealed that the gear box friction increased as the speed increased
and that the friction decreased as the gearbox temperature went up. The results of
these measurements are included in Appendix D. All data gathered from the
dynamometer was adjusted to eliminate this source of error.

Motor Parameter Test Results
Rotor Resistance:

Induction motor parameters typically change in predictable ways when the current
drive and frequency are varied. The rotor resistance, for instance, increases with
increasing slip frequency. This is a natural variation dependent on frequency
because of skin effect in the rotor bars. The measured data followed this trend
starting with a rotor resistance of 0.0137 ohms (38.2A/phase @ 150 Hz) and
increasing to 0.0346 ohms (38.6 A/phase @ 730 Hz). This trend was repeated at
different stator current levels. The rotor resistance is also strongly dependent on
rotor temperature. For the purpose of the GDSS tests, the motor temperature was
maintained at 150 degrees F to minimize errors. The large number of calculations
performed in determining the rotor resistance create a worst case uncertainty of up
to £ 50 % of the calculated value. A £ 15% error margin may be a better
assumption, however, because the worst case scenario is improbable. Note that
the rotor resistance is measured during blocked rotor testing with rotor slip = 1.

Sundstrand performed tests on the motor before shipping it to GDSS. The data
from their tests was analyzed and used as a source of comparison with our tests.
The rotor resistance measurements performed by Sundstrand produced similar
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results at the higher frequencies, but showed less correlation at low frequencies.
For example the rotor resistance of 0.0342 ohms (39.2 A/phase @ 750 Hz) using
Sundstrand’s data was very close to the 0.0346 ohms measured by GDSS at
similar operating conditions. At a lower frequency of 50 Hz, however, Sundstrand
measured a resistance of 0.0253 ohms (30.45 A/phase), a substantially higher
value than expected based upon GDSS data. The Sundstrand data may or may
not be accurate.

Leakage Inductance:

The leakage inductance is measured as a lump sum of Leq =Ls + Ly. The
relationship between Lg and L; is supplied by Sundstrand; Lg = 1.185L.

In conventionally designed induction motors, the leakage inductance is expected
to decrease with increasing frequency. The stator and rotor leakage inductances
are also dependent on current magnitude because of local magnetic saturation of
leakage paths. Thus, inductance normally decreases with increasing current. The
new design methods used in development of the Sundstrand induction motor and
the use of a PDM motor controller may result in test results that deviate from past
induction motor norms.

The GDSS data shows a slight increase in leakage inductance as the
fundamental frequency is increased from 150 Hz to 730 Hz. This increase,
however, is overshadowed by the error in calculating the leakage inductance
(roughly 15 %). There appears no clear correlation between stator current and
leakage inductance. In most cases the data indicates that the leakage inductance
increases slightly with increasing stator current.

The Sundstrand data does show the leakage inductance decreasing from about
180 uH to 52 uH as the slip frequency is increased from 50 to 750 Hertz. The
inductance, however, does not decrease with increasing stator currents. The
Sundstrand induction motor was designed not to saturate, using Hyperco 50 as
the magnetic material. Both the Sundstrand and GDSS data appear to confirm
that this design goal was accomplished, as the leakage inductance remains
relatively constant for different stator currents.

In some areas the GDSS data and the Sundstrand data agree closely. An
example of this is that the single phase blocked rotor input impedance (Z) data is
roughly equal for both sets of data. For example; GDSS @ 488 Hz and 38.7 A
Z=0.176 ohms, @ 730 Hz and 63 A Z=0.254, Sundstrand @ 500 Hz and 26.6 A
Z=0.183 ohms, at 750 Hz and 58.9 A Z=0.251 ohms. Looking at a graphical
representation confirms this trend over ditferent stator frequencies (ref: “Motor Z,
35A” chart in Appendix C). This chart demonstrates that in the 33 A to 39 A range
the motor impedance is similar for both sets of measurements.

Core Loss Resistance:

Core loss resistance values depend on the flux level and frequency. In general
the core loss is near its maximum value near the rated motor flux. These trends
are evident in the Sundstrand test data but if present in the GDSS test data, are
obscured by the error (roughly 15 %). The core losses associated with high
frequency time harmonic drives are difficult to predict. There are a number of
factors when using the PDM drive that combine to influence the motor
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performance based on motor and controller design. Discussion of these factors is
beyond the scope of this report, but reference material is available in the
University of Wisconsin-Madison, ECE 411 Electromechanical Systems course
notebook.

Magnetizing Inductance:

In conventional induction machines the magnetizing inductance is dependent on
the current magnitude because of saturation of the main flux path. The trend is
one of decreasing inductance with increasing motor flux. Once again, this is
dependent on the specifics of the motor design and the Sundstrand motor is
designed to saturate a much higher flux levels than previous designs. The GDSS
data appears to follow this trend with the magnetizing inductance decreasing by
roughly 2% to 7% depending on the operating frequency. The noise due to
measurement error (£16 %) clouds this picture however. The Sundstrand data
also appears to follow this trend of decreasing magnetizing inductance with
increasing current (and consequently motor flux). In both cases the reduction in
the inductance with increasing motor flux is minimal and attests to the superior
performance of the Sundstrand motor design.

Motor Curves Test Results

The motor curves test data was gathered in two different measurement sessions.
The first session measured the input and output of the induction motor at different
slip values. This information is represented in tabular form as well as graphical
form in Appendix E. The graphs or charts show the variations of torque, efficiency,
power factor and horsepower relative to rotor slip. The measurements were made
at four stator current levels of about 40, 50, 60, and 70 Amps per phase with Igs* =
lds*. The Yokogawa 2533 digital power meter was used to measure the power
into the motor. The dynamometer was used to measure the power out of the
motor. The dynamometer gear box was a source of error. The gearbox friction
losses decrease with rising temperature and increase at greater speeds. The
trend has been measured and is documented in Appendix D. All of the output
torque measurements were calibrated based on the temperature and speed of the
gearbox.

Sundstrand performed a simulation of the motor's capabilities as part of their
design procedure. This data is used as a sanity check on the motor data
gathered. The simulation indicated the following operational maximums:

Efficiency (%) 89.9
Power Factor 0.85
Torque (In-Ibs) 380.0
Horsepower 69.3
Current per Phase 2104

The measured data does not achieve these levels because of limitations in the
power output of the inverters and the motor controller. The 20 KHz inverters have
been tested to deliver 37 KW into a resistive load. This provides a maximum
capability of about 36 HP output from the motor if efficiencies are as predicted:
Power Out = Inverter Power Output « motor controller efficiency < motor power
factor « motor efficiency = (37KW )+ 0.95+ 0.85+ 0.9/ 746 = 36 HP. Our data has
shown that maximum power factor, efficiency and torque do not occur at the same
operating point, consequently maximum power output will be lower. In addition
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the instability of the 20 KHz link voltage has prevented testing the system beyond
about 15 HP. The charts in the Sundstrand CDR package include motor
operational data at lower power levels closer to our range of operation.

A comparison of the Sundstrand torque simulation data to the measured torque
raises some questions. The Sundstrand data shows that with an input of 70 A per
phase the motor's output torque is expected to be about 70 in-lbs. This is more
than 20% higher than the 57 in-lbs or so torque value we measured at 70

A/phase. Measurement error variations (+ 3 in-lbs error on motor torque, 31 A
error on current) are too small to account for these differences. Sundtrand’s
torque per ampere data is also substantially higher than the GDSS data. The
Sundstrand Torque / Ampere - Slip Frequency Curve suggests that ratios of 1.2 to
1.5 in-lbs/Amp are achievable. Our test data produced Torque / Ampere ratios as
high as 0.9 in-lbs/Amp.

The discrepancy in the predicted and measured torque per ampere values may be
explained by the current regulator in the motor controller. The present current
regulator is a “bang bang” regulator. The circuitry is designed to respond to
discrete current level changes only. |f the current is within range of its “window” no
action is taken. A simulation performed by Kraus and Associates for NASA LeRC
indicates that in the 40 HP system, a significant limitation in the torque output of
the motor can be expected with this type of current regulator. Kraus and
Associates suggested the incorporation of a P! current regulator into the hardware
to correct this deficiency.

Motor power factor and efficiency measured lower in practice than the simulated
data predicted. The maximum power tactor achieved under test was 0.63 £ 0.5%.
Typical simulated values for the power factor fell into the 0.75 to 0.8 range. Power
factor is strongly affected by motor current magnitude however, and our tests were
performed at points below the motor's maximum current ratings. Extrapolating
GDSS data to higher stator currents indicates that the power factor is likely to
reach predicted levels at higher current levels.

The motor's efficiency reaches a maximum of about 80 % at 70 Amps per phase
and 14,000 RPM. The motor’s top rated speed is 14,700 RPM, the point at which
Sundstrand predicted 89.9 % efficiency. We were unable to test the motor beyond
14,000 RPM due to limitations of the gearbox and dynamometer. The motor
efficiency measurement error of £ 10 % is significant in this case, since the
predicted motor efficiency falls within this window. It is likely however, that the
motor is capable of higher efficiencies at higher speeds and stator currents.

The second set of tests measured the input power to the motor controller power
stage and the DC input power to the inverter at several operating points. These
operating points were selected to be the same as those measured in collecting the
motor per phase data in the first set of tests. The resulting data provides the
information necessary to determine inverter, power stage and system efficiencies.
This data is in Appendix E. The discussion of measurement errors in section 5 is
very important when considering these results.

One test was performed to assess the performance of the system without the 200
uH per phase chokes, in the motor circuit. The results of this test are included in
Appendix F. Without the chokes in the circuit, the power factor and efficiency fall
by about 50 % and 35% respectively. The torque decreases by about 20%. The

11
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motor current waveforms without the chokes in the circuit have a much larger high
frequency component. The extra high frequency energy is dissipated in the motor
in the form of heat. The distorted current waveforms produce a lower average
power factor and generate less torque.

Steady State Power Loss / Efficiency Test Resuits

For the purpose of these tests the slip constant (Ks) was adjusted to 0.07, the
average value that produces the most efficient operation under typical operating
conditions. The Steady State Power Loss / Efficiency tests confirmed that the
highest efficiency operation occurs when Igs* = Ids*. The data sheets and
associated charts in Appendix G illustrate this fact. The system efficiency scale
(on the right of the chart) represents the % system efficiency. Ids* and Igs* are
scaled on the left side of the chart. The lower torque values for a given motor
speed provide a better picture of the efficiency vs Ids/Igs because there are more
data points. The higher torque levels prevent the system from maintaining the
commanded torque without higher currents and consequently fewer data points.

It should be noted that several parameters are changing simultaneously in this
series of tests. Although the Ids* is at a level commanded by the operator, the
Igs* and consequently the motor slip is allowed to adjust as required to maintain
the commanded torque load. The slip value is calculated based upon the values
of Igs*, Ids* and the motor parameters using the relationship;
slip frequency = Rrelgs*/Lrelds*.

It can be seen from this formula that the slip frequency will increase as lds* is
decreased.

No Load Actuator / System Test Results

The no load actuator testing confirmed previous test data obtained at NASA
Marshall Space Flight Center (September 1992). The response of the system is
dependent on the control gain constants, commanded amplitude and output
power levels. As specified in the No Load Actuator Test Procedure (Appendix 1),
the frequency response was measured using a sine wave input and the step
response was measured using a square wave input. For the purpose of these
tests the sine wave data was recorded with the proportional position constant
(Kpp) equal to 14.3 and the proportional rate constant (Kpr) equal to 1.53 unless

otherwise noted. The large signal step response was measured with Kpp equal to
5.0 and Kpr equal to 1.53. Additional frequency response and transient response

tests were also performed, while varying the control gain constants, to document
their effect on system response.

The frequency response of the system is best determined by identifying the
frequency at which the phase delay is equal to 90 degrees. The
command/position phase shift changes quickly approaching the pole in this
second order system. For this reason, data was gathered at 0.1 Hz intervals from
3.0 to 4.0 Hz, the predicted range of the cutoff frequency. Evaluating this data the
90 degrees phase shift occurs at 3.2 Hz and + 0.1” amplitude (70 A/phase) with an
amplitude gain of 0.6. The response of the system falls off rapidly at frequencies
above 3.2 Hz. At larger amplitudes and lower phase currents the cutoff frequency
is lower.

12
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The control loop constants may be adjusted to achieve optimum system response
for differing conditions. A larger value for Kpp improves the small signal response

but causes overshoot or instability at higher amplitudes. This is demonstrated in
the sine wave position vs. command plots for 1.0 Hz + 0.5"and 2.0 Hz £ 0.1". The
data was gathered at Kpp = 9.0 and 14.3. The higher position loop gain of 14.3 at
a + 0.5" amplitude causes a significant overshoot and phase delay. The response
is markedly better with Kpp = 9.0. At a lower amplitude of + 0.1” however, the
response is superior when Kpp = 14.3, with less phase shift and higher gain.

Of special interest is the step response data (z 1.0") gathered while varying Kpp
from 1.0 to 14.3. Sluggish response is apparent when Kpp = 1.0, critical damping
occurs when Kpp = 5.0, and considerable overshoot is present when Kpp = 14.3.

In practice these control constants may be dynamically varied to optimize the
response, dependent on the operating conditions.

MEASUREMENT ERROR

Principle Sources Of Error

Torque Measurement Error (at motor) +3in-lbs
Yokogawa 2533 Power Meter Accuracy + 2 % of full scale
(Tested at GDSS)

AC Voltage Measurement Error +0.37 % of input + 0.03% of range

DC Voltage Measurement Error + 0.02 % of input + 0.008 % of range

DC Current Measurement Error +0.1 % of input + 0.01 % of range

Motor Speed Measurement Error negligible
Motor Fundamental Frequency Voltage Error  + 5 % of measured value

Temperature Measurement Error + 1 degree C

Error Assessment

The assessment of error in determining motor parameter values and system efficiency
values is complex. The magnitude of the errors depends on several factors. The
measurement efror changes with the operating point of the system because the
Yokogawa power meter for example, specifies accuracy as a percentage of the range.
The range- changes during the measurements depending on the magnitude of the
voltage and current. But for a given range, the measurements made on the low end of
the range have a greater error associated with them. Power is particularly difficult to
measure with a high level of accuracy. The available test equipment is capable of
making real power measurements to an accuracy of between 2% and 20 % in our test
application. This is due to both the range in which the voltage and current magnitudes
fall and the poor power factor environment in which many of the measurements were
made. At the low power factors, power factor measurement error increases to about
4% on the Yokogawa 2533.

13
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Some of the measurements have errors specified to a percentage of the measured
value as well. The digital multi meter's errors are specified in this way. This requires a
multi-step process when determining the total measurement error.

Another important consideration is the number of arithmetic calculations that are
performed using the data. Each successive calculation accumulates the errors from
the preceding computations. The very nature of the motor parameter determination
requires numerous calculations to arrive at the end values, which consequently have
large error uncertainties.

There are two types of error sources; Random Errors and Guarantee Errors. Random
errors are the result of unknown or unpredictable forces that result in measurements
varying from reading to reading on a given instrument. These types of errors may be
analyzed using statistical methods. Guarantee errors are errors attributed to the
capabilities of a piece of test equipment. Providing that the equipment is properly
calibrated, all measurements will be within a specified error range. In determining the
error associated with each measurement or calculation, these errors are treated
differently. Random errors may be added using the root-sum-square techniques
available in statistical theory while guarantee errors must be added algebraically.

The analysis of our data has revealed a potentially high variance of the values due to
errors. it is important to keep in mind that these error numbers are a worst case
calculation dictated by the standards of error analysis. This is not the likely error as it
is improbable that all error components will be in their worst case condition at the
same instant. In fact the actual error is a probably a fraction of the worst case
scenario. Examples of the worst case error analysis are included in Appendix H.

Torque Transducer

The Eaton model 1105 torque transducer and it's associated Daytronic 3178 signal
conditioner are integrated into the dynamometer assembly. They measure and
transmit the motor’s torque output (after a 4:1 gear reduction) to the dyno control
terminal. There are several sources of error in this equipment. The torque transducer
error is made up of nonlinearity, hysteresis, and repeatability errors of + 0.1 %, % 0.1
%, and + 0.05% of full scale, respectively. The full scale measurement capability of
the torque transducer is 5000 in-lbs. The Daytronic signal conditioner has an error of
+ 0.05% of full scale. The torque transducer errors are considered random errors and
consequently the total error is determined from their root sum square (RSS= 0.15).
Including the signal conditioner error, the sum of these errors is + 0.2%, corresponding
to £ 10 in-Ibs accuracy in the dyno torque measurement. The motor torque
measurement error is + 2.5 in-lbs (The 4:1 gearbox separating the dyno from the motor
results in a corresponding reduction in motor torque measurement error). Additional
error is introduced in measuring the motor torque due to the gearbox nonlinearities.
The total accuracy in measuring motor torque is £ 3 in-Ibs including these gearbox
variations.

Power Measurement Meter Accuracy

The Yokogawa model 2533 digital power meter has a voltage, current and power
measurement accuracy of + 2 % of the range up to frequencies of 20 KHz, as specified
by Yokogawa. The manufacturer has not measured the accuracy above this
frequency, so we measured the voltage and current frequency response of the unit up
to 400 KHz. Those measurements were within + 2 % of our calibrated reference
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5.5

signal. The power factor accuracy is specified as + 0.5 % at a 0.5 PF and 60 Hz. The
power factor measurements were verified at several frequencies ranging from 100 Hz
to 700 Hz on the Tektronix DSA 602 oscilloscope. At low power factors, however,
Yokogawa relaxes this specification to + 4 % (PF=0.1). The power measurement
accuracy is based on the selected range of the measurement instrument. For our tests
the current range was always 155 A, dictated by a current transformer used with the
test set up. The voltage range changed depending on conditions. The following is a
summary of the voltage, current and power measurement errors attributed to the
Yokogawa 2533 voltage range setting.

E
E
E
E

30 +06 +3.1 +93
60 +1.2 +3.1 +186
100 +20 +3.1 +310
150 +3.0 +3.1 + 465
600 +120 +3.1 + 1860

The accuracy of the power measurements included in the data are on average good to
about 10 %. The error is higher than 10 % on low power factor measurements and
those power measurements made on the low end of the range of the instrument. The
error is heavily dependent on the voltage range selection because the power error
numbers given above are fixed relative to a given range. For example, if power is
measured as 3000 watts with the voltage range set to 600 volts, the error is 3000 watts
+ 1860 W or + 62 %. Due to this limitation all measurements are performed with the
instrument’s range adjusted to minimize this error. In certain low power, high voltage
situations, however, this result is unavoidable.

Digital Meter Accuracy

The digital voltmeters used in the DC measurements were highly accurate relative
to the AC power meter capabilities. In practice the DC input power to the inverter
was measured using a Fluke 8600A DVM in the DC voltage mode. Input current
was measured as a voltage on the 200 mV range by using a precision 0.0004949
ohm shunt resistor. The inverter input voltage was measured on the 1200 volt DC
scale. These measurements are accurate to + 0.02 % of input + 0.008 % of the
range.

Motor Fundamental Frequency Voltage Error

The magnitude of the voltage at the fundamental stator drive frequency was
measured to allow the calculation of motor parameter values. This signal is a
series of 40 Khz pulses that comprises the PDM motor voltage. In order to
measure the fundamental frequency voltage the signal required filtering to
produce stable measurements. A Tektronix 7A22 differential amplifier was used in
conjunction with a Tektronix DSA 602 scope. The 7A22 has a filtering function
with selectable filter cutoff frequencies. For the purpose of these tests the
differential amplifier was configured as a low pass, 1 KHz fiter. The differential
amplifier was then calibrated up to 1 KHz to compensate for the attenuation of
signal levels at frequencies below the high frequency cutoff point. The DSA 602
scope’s signal averaging functions (X8) were utilized to obtain a stable, steady
state value for the voltage measurement. The combination of noise, calibration
accuracy, equipment specifications and signal stability limit the voltage measured
using this method to + 5 % of the measured value.

15



5.6

5.7

6.0

No Load Actuator Test Error

The measurements involved in performing the No Load Actuator Tests are
relatively simple and not subject to large errors. Two signals are measured; the
command amplitude, phase and frequency, and the actuator position amplitude,
phase and frequency. These measurements are performed and documented on
the strip chart recorder, and verified on the DSA602 scope. The DSAB02 is also
used to plot the position / command, X-Y plots. The source of the signals are
identical D/A converters located in the motor controller card cage. These D/A
converters monitor both the input command voltage and the actuator position. The
D/A converters were calibrated to one another prior to the testing to an accuracy of
+ 5 mV. Most of the measurements were in the + 1.0vto + 10.0 v range so the
D/A accuracy is negligible. The small signal measurements in the 150 mV range
were more susceptible to random noise present in the environment. This is
noticeable on the X-Y plots as random data points. The strip chart recorder was
particularly adept at reducing environmental noise. Its differential inputs and
noise filters effectively eliminated this noise from the plots. The steps that are
noticeable in the small signal position traces are caused by the 5 m/Sec update
time of the D/A converters. The total error associated with the no load actuator
tests is about + 3%.

Cumulative Calculation Errors

Appendix H, Worst Case Error Analysis, contains examples of the error analysis
applied to the experimental data. These calculations demonstrate the large errors
that result from the cumulative affect of errors in successive calculations. These
error margins should be considered as a worst case probability only, when
evaluating the test data. The realistic value for error margins is significantly less
than the worst case error analysis indicates. Measurements made at low powers,
high voltages relative to range and low power factors have greater maximum
errors. In general, most of the calculated values are accurate to within 10 % of
their stated values.

CONCLUSIONS

The series of tests performed have verified the operation of the 40 HP system up
to about 15 HP. Although this is below the rated capability, the data indicates that
the system is operating properly from a functional standpoint. The operational
limits of the system were not reached in testing due the limitations of the 20 KHz
power source and 20 KHz link stability. It is estimated that with the presently
available 20 KHz inverters as a source of power, the system is capable of
producing about 30 HP to the load, when the 20 KHz bus voltage is stabilized.
The power is limited by efficiency and power factor limitations inherent in the
system, and the 37 KW maximum capacity of the present inverters.

The motor tests show that the motor parameters are within the expected range,
based on testing performed by Sundstrand at their factory. The error associated
with our motor parameter measurements and subsequent calculations makes
precise determination of the motor parameters difficult. These measured values
do however, provide a range of certainty in which the motor's parameters are
known to fall.
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Testing to generate the motor's characteristic curves confirmed that the maximum
torque, power factor and efficiency occur at different rotor slip values. Maximum
system efficiency occurs when Igs* is equal to Ids*. Testing also revealed that the
system may not be producing the motor torque it should, based on predictions
from the motor's manufacturer. The test data indicates that the torque may be as
much as 20% too low for a given input current. Simulations performed by Krause
and Associates for NASA, identified this as a potential problem due to limitations
in the current regulator. This area requires further investigation.

The overall system efficiency was tested at a maximum of about 65 %. The motor
efficiency peaked at 80 %. Inverter and controller power stage efficiencies
measured as high as 85 % and 95% respectively. All of these numbers are
expected to increase at higher power levels and motor speeds. In general, the
efficiency calculations are good to approximately £ 5 %, although worst case
analysis indicates about + 10 %. All of these efficiencies are in the range
anticipated for the system. The inverters in particular have been confirmed in
previous tests to achieve 93 % efficiency into a resistive load at full power. Power
loss analysis of the controller power stage predicted > 90 % efficiencies.

The no load actuator tests indicated a system frequency response of 3.2 Hz at
+0.1" and 70 A/phase. This agrees with the data gathered at NASA Marshall
(9/92). The frequency response of the system is less at higher amplitudes or lower
phase currents. The frequency response of the system may be adjusted by
changing the control constants or the phase currents as demonstrated by the test
data. Adjustment of these parameters is available via the computer terminal
interface. The no load actuator test data is accurate to, at worst, about £ 3%.

The worst case error analysis revealed potentially large deviations in the
measured motor data. The errors may be attributed to two areas. The first is the
relative inaccuracy of the AC power measurements. The available test equipment
(Yokogawa 2533) is specified as 2 % accurate at full scale and high power factors.
Our system often operates at lower power factors and fractions of the full scale
meter readings. This results in potential errors of about 10 % of the measured
values. Secondly, most of the data is used in successive calculations which
magnify these errors. The resulting motor parameter values for instance are the
culmination of four or more algebraic solutions. These types of errors require an
algebraic solution as well, which is typically large, although not necessarily
realistic. Accordingly, the worst case error analysis numbers should be regarded
as the unlikely outside limits of certainty.
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Motor Parameter Test Procedure
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Appendix A; Motor Test Procedure

Measuring Induction Motor Parameters:

Measuring induction motor parameters with a Pulse Density Modulated (PDM) motor controller requires specialized test
procedures. The procedures outlined here are required to achieve accurate measurements of the Stator Leakage
Inductance (Ls), Rotor Leakage Inductance (Lr), Magnetizing Inductance (Lm), Rotor and Stator resistances (Rr and
Rs), and Core Loss Resistance (Rm). The high harmonic content of the drive voltage and to a lesser extent, the drive
current that are characteristic of a PDM drive make the following test procedure necessary.

Blocked Rotor Testing:
The goal of Blocked Rotor Testing is to identify the leakage inductances of the motor and the rotor/stator resistances.
With the rotor blocked (held motionless) the single phase induction motor model reduces to only equivalent resistances

and leakage inductances. This occurs because when the slip goes to 1 (with the rotor blocked), the magnetizing
resistance and inductance are effectively shorted out by the small values of rotor resistance and leakage inductance.

Rr/s

Figure 1 /‘ Figure 2
When S = 1 model reduces to:
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Appendix A; Motor Test Procedure

Blocked Rotor Measurements:

1) Measure the stator resistance (Rs) with a resistance bridge or milliohm meter. The measurement should be
performed on all three phases of the induction motor from Line to Neutral, at different temperatures.

2) Measure the Real or Effective Power and the current into the motor on a per phase basis. These measurements
should be made over a range of input currents and drive frequencies. Using the data gathered in this test the
equivalent resistance (Req = Rr + Rs) may be calculated. This measurement should be made with test equipment

capable of reading the entire harmonic spectrum produced by the PDM controller.

Req = Real Power Then to calculate Rr:  Rr=Req - Rs
2
|

3) Leakage Inductance: This measurement requires that the per phase voltage and current be determined at the
motor's fundamental test frequency. This is necessary because the leakage inductance is measured indirectly using

the blocked rotor impedance and then computed from the following formulas:

A) Calculate the Blocked Rotor Impedance Zbr. Zbr=V
I

B) Calculate the inductive reactance (X1) from Zbr. XL =\ , Zbr2 -Req 2
C) Calculate the equivalent leakage inductance Leq = Lr + Ls: Leq =-?:-)-(LF—-
T

rent measured in step (A) must be the motor drive fundamental frequency. With a PDM
oltage is difficult to measure because the voltage is a series of

to identify the magnitude of the fundamental voltage

Note: The voltage and cur
controller the fundamental frequency component of the v

pulses. Signal filtering or signal processing is necessary
component.
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Appendix A; Motor Test Procedure

No Load Testing:

The goal of No Load Testing is to identify the magnetizing inductance and the core loss resistance of the motor. When
the motor is running with no load the slip becomes very close to zero. The magnetizing inductance and core loss
resistance are predominant in the motor model under these conditions because they are magnitudes larger than the

leakage inductances and rotor/stator resistances.

Rr/S @ Rm : Lm
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Appendix %¢ Motor Test Procedure

No Load Measurements:

and the voltage at the motor Line to Neutral terminals on a per phase basis.

These measurements should be made over a range of voltages and drive frequencies. Using the data gathered in
this test the core loss resistance (Rm) may be calculated. This measurement should be made with test equipment

capable of reading the entire harmonic spectrum produced by the PDM controller.

1) Measure the Real or Effective Power

Rm = V2

PowerR

oltage and current be determined at the

2) Magnetizing Inductance: This measurement requires that the per phase v
izing inductance is measured indirectly

motor's fundamental test frequency. This is necessary because the magnet
using the no load impedance and then computed from the following formulas:

A) Calculate the No Load Impedance Znl: Znl=V
|
B) Calculate the magnetizing reactance (Xm) from Znl: 1 i 1
XM = Znl -Rm
C) Calculate the equivalent magnetizing inductance: Lm = X
2nF

p (A) must be the motor drive fundamental frequency. With a PDM
t of the voltage is difficult to measure because the voltage is a series of
to identify the magnitude of the fundamental voltage

Note: The voltage and current measured in ste
controller the fundamental frequency componen
pulses. Signal filtering or signal processing is necessary

component.



APPENDIX B

Motor Parameters Test Data; GDSS and Sundstrand

Heading

Core Loss Resistance (Ohms)

Current (A) One Phase
Current (A) Single Phase
FREQHz

Ids (A)

impedance Single Phase (Ohms)

Igs Ids (A)
Leakage Inductance (Henries)

Magnetizing Inductance (Henries)

Power (W) One Phase All Harm.
Power (W) Single Phase

Rotor Resistance (Ohms)
Stator Resistance (Ohms)

Temp, Mir Deg. F

Volts L-N All Harm.

Volts L-N Fund

Volts L-N Harmonics

Volts L-N

The tables containing the measured data have column headings defined below:

The calculated core loss resistance of the induction
motor.

The measured stator current amps per phase.
The measured stator current amps per phase.
The stator drive frequency.

The commanded value of ids.

The impedance of the motor at its fundamental
frequency.

The commanded value of Igs and Ids in amps.

The calculated leakage inductance of the motor in
Henries.

The calculated magnetizing inductance of the induction
motor in Henries.

The real power into a single phase of the motor.
The real power into a single phase of the motor.
The calculated rotor resistance in ohms.

The measured stator resistance in ohms.

The temperature of the motor’s stator in Degrees
Fahrenheit.

The motor voltage from line to neutral including all
harmonics.

The motor voltage from iine to neutral of the fundamental
stator drive frequency.

The motor voltage from line to neutral including ail
harmonics.

The motor voltage from line to neutral including all
harmonics.
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NO LOAD 5-..-93; GDSS

V Fund. Measured w/TEK 602 Scope, Filtered Diff Amp + Avg (8)

Vlink = 350

All Harmonic V, |

Power w/Yokogawa 2533; No Load

FREQ | Ids | TEMP,MTR | Volts Volts Current (A) | Power (W) impedance --;g_'-_.i\négneti‘iiﬁg;
Hz (A) | Degrees F | L-N L-N Single Phase | Single Phase A

Fund. | Harmonics (Ohms) o Sﬂgnfies) _
150 | 30 150 9.6 23 28 99 3.43E-01 :.,':;3.89!2-04, |
150 40 150 12.8 275 36.8 163 348E-01 "“_QS;QQE-ESA*"I
150 50 150 155 35 458 249 338E-01 Q.SGE-M
150 60 150 18 427 54.9 350 3.28E-01 3 71 E04 |
225 30 150 14.1 247 28.1 107 5.02E-01
225 40 150 18.8 319 37.3 188 5.04E-01
225 50 150 22.9 375 465 285 4.92E-01
225 60 150 27 47.1 55.8 390 4.84E-01
448 | 30 150 30.6 38.2 285 158 1.07E+00
448 | 40 150 40.6 49 37.6 267 1.08E+00
448 50 150 49 59.3 46.4 400 1.06E+00
448 60 150 56.8 69.1 55.8 553 1.02E+00
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NO LOAD 5-.. -93; GDSS

FREQ | Ids | TEMP, MTR | Volts Volts Current (A) Power (W) | Core Loss .| Impedance j;;NLaQnetizin

Hz (A) | DegreesF L-N L-N Single Phase | Single Phase | Resistance - | Single Phase | - Inductance
Fund. | Harmonics (Ohms) " (Ohms) " (Henries) = -

585 | 30 150 36.1 43 277 180 1.30E400 4.06éﬁb4
585 | 40 150 47.1 54.8 36.7 285 ", 1.28E+00 __ 5}3.985-{)4
585 | 50 150 58.6 66.8 46.4 450 992E+00 1.26E+00 3.04E-04
585 60 150 68.3 77.7 55.7 620 974E+00 | 1.23E+00 :‘8.8‘2E-04
730 30 150 44.9 51.5 28.4 215 1.58E+00
730 40 150 58.9 65.8 373 345 1.58E+00
730 50 150 7341 80.1 46.7 525 1.57E+00
730 60 150 85.1 92.2 54.9 695 1.55E+00
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Blocked Rotor «

5/93; GDSS

V Fund. Measured w/TEK 602 Scope, Filtered Diff Amp + Avg (64) Vlink = 350

All Harmonic V, |, Power w/Yokogawa 2533; Blocked Rotor

FREQ | lgs | Temp, Mtr | Volts Volts Current (A) | Power (W) Stator Impedance
Hz |Ids| Deg.F L-N L-N One Phase | One Phase | Resistance Single Phase
(A) Fund.| AliHarm. All Harm. (Ohms) (Ohms)
150 30 150 3.1 249 38.2 93.00 0.05 8.12E-02
150 40 150 3.8 34.6 50 164.00 0.05 7.60E-02
150 50 150 4.7 43.7 62.5 256.00 0.05 7.52E-02
150 60 150 5.8 50.9 74.2 356.00 0.05 7.82E-02
225 | 30 150 3.1 25.9 38.3 98.00 0.05 8.09E-02
225 | 40 150 4.6 35.3 50.6 171.00 0.05 9.09E-02
225 | 50 150 5.8 44.2 63 270.00 0.05 9.21E-02
225 | 60 150 6.8 51.7 74.5 367.00 0.05 9.13E-02
488 | 30 150 6.8 27.6 38.7 113.00 0.05 1.76E-01
488 | 40 150 8.9 36.3 50.9 191.00 0.05 1.75E-01
488 | 50 150 11.2 46.7 63.2 307.00 0.05 1.77E-01
488 | 60 150 13.2 53 74.4 415.00 0.05 1.77E-01
585 | 30 150 79 2941 38.6 119.00 0.05 2.05E-01
585 | 40 150 10.7 375 51.3 206.00 0.05 2.09E-01
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Blocked Rotor .. «5/93: GDSS _
FREQ | Igqs | Temp, Mtr | Volts Volts Current (A) | Power (W) Stator | Rotor Impedance akage .
Hz |I|ds| Deg.F L-N L-N One Phase | One Phase | Resistance | Resistance'| Single Phase | Inductance
(A) Fund.| AllHarm. All Harm. (Ohms) | :i(Ohms): (Ohms) Henries). .
585 | 50 150 13.1 478 63 320.00 0.05 2.08E-01
585 | 60 | 150 15.5 53.2 74.9 435.00 0.05 2.07E-01
730 | 30 150 9.6 29.8 386 126.00 0.05 3.46E-02 | 249E01 | 5.10E:05
730 | 40 150 12.9 389 508 ~ 216.00 0.05 3.37E-02 2.54E-01 5.23E-05
730 50 150 16 48 63 336.00 0.05 . 3.47E-02 2.54E-01 5.22E-05
730 | 60 | 160 19 558 753 464.00 0.051 252E-01 | 5.31E:05
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NO LOAD ¢ ...dstrand

FREQ | Volts Current (A) Power (W) L Impedance Power Factor

Hz L-N | Single Phase | Single Phase Single Phase

A (Ohms)
This test data was supplied by Sundstrand. Testing h sine wave drive rents

166 1.48 3.67 1.43 | 3E+ 0 4.03E-01 0.26
166 | 49 11.8 6 i#l’(’)p‘;#od 4.15E-01 0.10
166 | 10.07 24.4 217 4.13E-01 0.09
166 | 19.74 49.92 TR "4;’58%_{00 © 3.95E-01 4.1 2E-04 0.08
166 | 30.54 105.2 292 | --3{19.E_+oq - __2.90E-01 -32065}'94_ 0.09
500 4.19 3.72 4.4 3.99E:00 1.13E+00 0.28
500 | 10.59 8.61 10 1.12¢ 1.23E+00 0.11
500 30.13 24.2 47 1.25E+00 0.06
500 50.58 41.74 120 1.21E+00 0.06
500 71.99 59.52 220 1.21E+400 0.05
500 90.74 98.89 450 9.18E-01 0.05
750 4.15 3.59 3.33 1.16E+00 0.22
750 14.5 8.04 18 1.80E+00 0.15
750 23.3 12.7 31 1.83E+00 0.10
750 40.88 22.29 72 1.83E+00 0.08
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_NO LOAD . ..idstrand
FREQ | Volts Current (A) Power (W) ' Qi"é‘éL*bS"*‘""* impedance Power Factor
Hz L-N | Single Phase | Single Phase sist Single Phase |
(Ohms)
750 79.8 45.14 213 1.77E+400 0.06
750 | 1213 | 7825 463 3.18E+01 _ 1.55E400 0.05
750 130.7 87.53 540 1.49E+00 0.05
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BLOCKED RO1..{-Sundstrand

FREQ | Volts Current (A) Power (W) Stator Rotor impedance . .s;Leakggei-j'?;i Power Factor
Hz L-N | Single Phase | Single Phase | Resistance Resistance |Single Phase | .:Inductance -
(Ohms) _ (Ohms) (Ohms) X

This test data was supplied by Sundstrand. Testing #p_er‘forvme'dv with sine wave dr_!_yg y_g!__tages and currents
50 | 219 3045 38.3 o076 2ssE02  7A9E02 1.88E 04 0.57
50 5.22 74.15 228 ~0.016  2.55E-02 7.04E-02 1 .3'8'15-:64: 0.59
50 7.65 108.8 499 0.016 2.62E-02 7.03E-02 : 1'.:79E-04 0.60
50 | 983 1318 787 0016 2.93E-02 __ 7.46E-02 189E- 0.61
500 3.21 173 15 0.016 1.86E-01 0.27
500 4.86 26.55 35 0.016 1.83E-01 0.27
500 15.14 83.6 355 0.016 1.81E-01 0.28
500 25.35 135 1000 0.016 1.88E-01 0.29
750 4.04 15.79 12.7 0.016 2.56E-01 0.20
750 9.84 39.16 77 0.016 2.51E-0 0.20
750 14.79 58.88 177 0.016 2.51E-0 0.20
750 24.7 97.44 506 0.016 2.53E-0 0.21
750 34.76 133.43 1057 0.016 2.61E-0 0.23




Stator Temp vs Rs #2

Temperature Stator Resistance
Degrees F Ohms L-N
65 0.043
95 0.046
120 0.047
125 0.048
135 0.049
150 0.05
167 0.0515
175 0.052
200 0.054
225 0.055
250 0.056
275 0.058
302 0.061
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APPENDIX C

Motor Impedance Comparison; GDSS and Sundstrand
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Motor Impedance, Single Phase
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APPENDIX D

Gear Box Friction Calibration Data

Heading

Average Torque in-lbs

Dyno Speed RPM

Dyno Torque in-lbs Before Cal

Dyno Torque in-lbs Pump On

Standard Deviation

Temp of Qil (Deg.F)

Time Minutes

Definition

The average torque required to overcome the gearbox
friction with the oil pump on, measured in in-lbs.

The speed of the dynamometer shaft .

The torque required to overcome the gearbox friction with
the oil pump on, measured in in-lbs prior to re-calibration.

The torque required to overcome the gearbox friction with
the oil pump on, measured in in-1bs.

The standard deviation of the friction torque
measurements.

The temperature of the oil in the gearbox.

The elapsed time from the beginning of the test.
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Gear Box Friction Test Notes

July 1993

All temperature measurements were made with Doric 412A Temperature Meter.

“Dyno Torque in-Ibs, Pump On” is the gearbox frictional losses with the oil pump in
the on condition.

“Dyno Torque in-lbs, Before Cal” is the gearbox frictional losses prior to calibrating
the dynamometer.

“Time Minutes” is the elapsed time from when the dynamometer was turned on.
The oil temperature sensor was mounted on the oil outflow pipe of the gearbox.

This information was used to adjust previous torque data gathered on the
dynamometer to include the gearbox frictional losses.

38



Gear Reducer vs Temp

Dyno Temp. Dyno Average Standard Time Dyno
Speed of Torque Torque - Deviation Minutes Torque
RPM Oil in-lbs in-lbs in-lbs
(Deg. F) Pump On Before Cal

700 704 29 0 24
700 78 19 5 14
700 83 18 7 13
700 84.8 17 8 12
700 86.6 16 10 11
700 95 15 15 10
700 96 14 17 9
700 103 12 25 7
700 110.6 10 38 5
700 114.8 9 50 4
700 118.6 7 15.1 5.7 65 2
1450 70.4 36 0 31
1450 78.8 29 5 24
1450 83.7 28 7 23
1450 85.5 27 8 22
1450 87.7 26 10 21
1450 95.2 24 15 19
1450 96.2 23 17 18
1450 103 21 25 16
1450 110.6 18 38 13
1450 114 15 50 10
1450 117.6 14 223 6.2 65 9
2200 70.8 39 0 34
2200 79.3 35 5 30
2200 83.7 32 7 27
2200 85.6 31 8 26
2200 87.5 31 10 26
2200 94 29 15 24
2200 95.8 28 17 23
2200 102 25 25 20
2200 109 23 38 18
2200 113 21 50 16
2200 117.3 19 28.5 5.8 65 14
2950 71 43 0 38
2950 79.6 37 5 32
2950 83.6 35 7 30
2950 85.4 35 8 30
2950 87.3 35 10 30
2950 93.4 33 15 28
2950 94.8 32 17 27
2950 100.4 29 25 24
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Gear Reducer vs Temp

2950 107 27 38 22
2950 113 25 50 20
2950 115.5 23 322 6.8 65 18
3450 71.7 45 0 40
3450 80 40 5 35
3450 84 38 7 33
3450 86 37 8 32
3450 87.6 37 10 32
3450 93.7 36 15 31
3450 95 35 17 30
3450 102 32 25 27
3450 109.8 30 38 25
3450 114 28 50 23
3450 117.8 26 349 53 65 21




APPENDIX E

Motor Curves Test Data and Charts

Heading
Dyno HP

Dyno Speed RPM
fs-fr FREQ, Hz

Ks

Motor Current {A/phase)
Motor Eff.

Motor Power (W) 1 Phase

Motor Speed RPM

Motor Temp deg F

Motor Torque in-Ibs

Motor Volts L-N Harmonics
PF

Slip %

Stator FREQ, Hz

The tables containing the measured data have column headings defined below:

Definiti

The horsepower out of the motor, adjusted for gearbox
inefficiencies.

The speed of the dynamometer shaft.

The difference between the stator and rotor
frequencies.

The slip constant used in computing the
commanded motor slip.

The measured stator current amps per phase.

The efficiency of the motor. Calculated by dividing the
power out of the motor by the power into the motor.

The real power in one phase of the motor.

The speed of the induction motor’s shaft in
revolutions per minute.

The temperature of the stator in degrees
Fahrenheit.

The motor torque output at the motor shaft.
The motor voltage measured line to neutral
The power factor of the power into the motor.

The % difference between the rotating stator field and the
rotor's rotational speed.

The stator current drive frequency.

with all harmonics represented in the value.
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Motor Curves Test Notes

July 1993

Tested as per “40 HP Task Order System Test Plan” for contract NAS3-25799.
All measurements were made with the 20 KHz link = 350 VAC.

Motor currents listed on the graphs are the average per phase values for a given
curve.

All measurements made with a 200 uH choke per phase in the motor circuit unless
otherwise noted.

For each set of measurements, the system was tested at 4 stator current levels.
These levels are roughly 37 A, 48 A, 60 A and 70 A per phase.

For all measurements Igs = Ids.

The test method maintained the stator drive frequency a constant value while
varying the rotor speed.

The measured voltage and current values are all harmonic measurements.
Measurements were performed on a Yokogawa 2533 digital power meter.

Motor torque measurements are adjusted to compensate for gear reducer gearbox

friction. The gearbox friction losses decrease with rising temperature and increase
at greater speeds. See “Gear Reducer vs Temp” data.
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3K RPM, 4Cer, 5-24-93

S

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics B
150 148 740 1.33% 28.9 37.7 0.23 250 0.29 6.25 0.292 0.07 115 2960
150 146 730 2.67% 28.8 37.5 0.28 303 0.58 125 0.475 0.07 115 2920
150 144 720 4.00% 28.8 37.7 0.29 306 0.67 14.75 0.548 0.07 117 2880
150 142 710 5.33% 27.8 37.7 0.28 288 0.66 14.75 0574 | 007 | 118 2840
150 140 700 6.67% 27.7 375 0.26 272 0.63 14.25 0.579 | 0.07 | 119 2800
150 136 680 9.33% 27.7 37.5 0.23 232 0.51 11.75 0.544 0.1 120 2720
150 130 650 (13.33% 27.7 37.7 0.2 200 0.41 10 0513 | 0.15 | 120 2600
150 120 600 ]20.00% 26.8 379 0.16 159 0.28 7.25 0.432 0.2 121 2400
150 110 550 26.67% 26.7 37.7 0.14 139 0.19 5.5 0.343 0.26 121 2200
150 100 500 33.33% 26.5 377 0.12 124 0.14 45 0.286 0.33 122 2000




3K RPM, 5..., 5-24-93

Stator is-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N {(A/phase) 1 Phase in-lbs deg F RPM

Harmonics
150 148 740 1.33% 39.66 50 0.19 391 0.39 8.25 0.246 | 0.07 | 145 2960
150 146 730 2.67% 39.6 49.7 0.25 485 0.82 17.75 0.422 | 0.07 | 145 2920
150 144 720 4.00% 39.1 49.4 0.27 529 1.09 23.75 0.510 | 0.07 | 143 2880
150 142 710 5.33% 38.8 493 0.28 539 1.21 26.75 0.556 | 0.07 | 1#1 2840
150 140 700 6.67% 38.6 49.5 0.27 514 1.20 27 0.580 | 0.08 | 140 2800
150 136 680 9.33% 38 49.9 0.23 436 0.99 23 0.566 0.1 136 2720
150 130 650 13.33% 37 50 0.2 364 0.76 18.5 0.521 0.14 135 2600
150 120 600 |20.00% 36 50.5 0.16 296 0.52 13.75 0.440 0.2 134 2400
150 110 550 |26.67% 36 50.5 0.14 251 0.36 10.25 0354 | 0.27 | 130 2200
150 100 500 133.33% 354 50.6 0.13 223 0.27 8.5 0.301 033 | 125 2000
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3K RPM, 6L/,

5-26-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor

FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

150 148 740 1.33% 46.6 61.7 0.19 553 0.35 7.5 0.158 | 0.07 | 115 2960
150 146 730 2.67% 46.4 61.2 0.24 677 0.96 20.75 0.353 | 0.07 120 2920
150 144 720 4.00% 46.4 60.7 0.26 745 1.36 29.75 0454 | 0.07 | 123 2880
150 142 710 5.33% 46.6 59.9 0.28 782 1.60 35.5 0.509 | 0.07 | 115 2840
150 140 700 6.67% 46.4 59.5 0.26 728 1.67 37.5 0.569 0.1 120 2800
150 136 680 9.33% 45.3 59.9 0.24 642 1.45 33.5 0.560 0.1 125 2720
150 130 650 13.33% 46 60.6 0.19 532 1.08 26.25 0.506 | 0.14 130 2600
150 120 600 |20.00% 46 61.3 0.16 451 0.77 20.25 0.425 0.2 132 2400
150 110 550 [26.67% 45.6 61.6 0.14 392 0.56 16 0.354 | 0.27 | 135 2200
150 100 500 [33.33% 45.1 61.9 0.13 355 0.41 13 0.289 | 0.34 136 2000




3K RPM, 70-., 5-26-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
150 148 740 1.33% 55.1 72.4 0.21 820 0.86 18.25 0.260 0.13 173 2960
150 146 730 2.67% 54.3 1.7 0.26 1020 1.81 39 0.441 0.13 170 2920
150 144 720 4.00% 53.9 71.3 0.29 1110 235 51.5 0.527 | 0.13 170 2880
150 142 710 5.33% 53.1 71.2 0.29 1110 2.55 56.5 0.570 0.13 168 2840
150 140 700 6.67% 52.8 71 0.29 1070 2.51 56.5 0.583 0.13 164 2800
150 136 680 9.33% 52 711 0.26 940 2.18 50.5 0.577 0.13 159 2720
150 130 650 [13.33% 51 714 0.21 770 1.64 39.75 0.530 0.14 | 150 2600
150 120 600 |20.00% 52.5 71.5 0.16 610 1.08 28.25 0.439 0.2 142 2400
150 110 550 |26.67% 52.9 72.2 0.14 520 0.74 21.25 0355 | 0.27 134 2200
150 100 500 ]33.33% 53.1 72.8 0.12 460 0.52 16.5 0.283 0.34 118 2000
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6K RPM, 40+, 5-27-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volits Current PF | Power (W) HP Torque Eff. Ks | Temp Speed

Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

300 298 1490 0.67% 37.2 37.8 0.29 415 0.64 6.75 0.382 0.1 136 5960
300 296 1480 | 1.33% 34.6 37.3 0.4 520 1.15 12.25 0.550 0.1 136 5920
300 294 1470 2.00% 334 37.2 0.42 518 1.21 13 0.582 0.08 134 5880
300 292 1460 2.67% 32.7 37.2 04 490 1.16 12.5 0.588 0.08 138 5840
300 290 1450 3.33% 314 37.2 0.39 453 1.13 12.25 0.619 0.08 141 5800
300 288 1440 4.00% 31 37 0.37 423 1.05 11.5 0.618 0.09 143 5760
300 286 1430 4.67% 31 36.9 0.37 423 1.04 11.5 0.614 0.09 143 5720
300 284 1420 5.33% 31 37.3 0.35 406 0.99 11 0.607 0.1 145 5680
300 280 1400 6.67% 30.2 37.6 0.31 355 0.82 9.25 0.576 0.13 145 5600
300 260 1300 |13.33% 28.5 37.9 0.21 222 0.37 4.5 0.416 0.27 146 5200
300 240 1200 |20.00% 28 38 0.16 175 0.21 2.75 0.298 0.41 145 4800
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6K RPM, 50n; 5-27-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RAPM % L-N {(A/phase) 1 Phase in-lbs deg F RPM

Harmonics
300 298 1490 | 0.67% 489 50.3 0.23 547 0.35 3.75 0.161 0.07 126 5960
300 206 1480 1.33% 47.3 50 0.33 753 1.34 14.25 0.442 0.07 123 5920
300 294 1470 2.00% 44.7 49.3 0.4 858 1.87 20 0.541 0.07 122 5880
300 292 1460 | 2.67% 434 49.3 0.42 870 2.06 22.25 0.589 0.07 121 5840
300 290 1450 | 3.33% 42 49 0.42 840 2.05 22.25 0.606 0.07 119 5800
300 288 1440 | 4.00% 41 49 0.4 797 1.96 21.5 0.613 0.07 118 5760
300 286 1430 | 4.67% 39.6 49.2 0.37 705 1.70 18.75 0.600 0.09 118 5720
300 284 1420 | 5.33% 39.6 49.3 0.35 666 1.60 17.75 0.597 0.1 120 5680
300 280 1400 6.67% 39.6 49.5 0.3 579 1.33 15 0.572 0.13 121 5600
300 260 1300 [13.33% 37.6 50.4 0.2 374 0.62 7.5 0.411 0.27 121 5200
300 240 1200 |20.00% 36.8 50.9 0.16 300 0.32 4.25 0.268 0.41 120 4800
300 220 1100 |26.67% 374 51.3 0.14 264 0.21 3 0.197 0.53 120 4400
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6K RPM, 6Un, 5-27-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor

FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

300 298 1490 | 0.67% 58 61.1 0.23 821 0.87 9.25 0.265 0.1 146 5960
300 206 1480 | 1.33% 56 60.1 0.34 1135 2.25 24 0.494 0.1 145 5920
300 294 1470 | 2.00% 53.2 59.7 0.41 1297 3.13 33.5 0.599 0.1 143 5880
300 292 1460 2.67% 51.4 59.7 0.43 1322 3.38 36.5 0.636 0.1 142 5840
300 290 1450 | 3.33% 49.6 60.1 0.44 1294 3.41 37 0.654 0.1 141 5800
300 288 1440 | 4.00% 47.9 60.4 0.43 1228 3.29 36 0.666 0.1 140 5760
300 286 1430 | 4.67% 473 60.4 0.41 1166 3.1 34.25 0.663 0.1 139 5720
300 284 1420 | 5.33% 47.2 60.4 0.38 1093 2.86 31.75 0.651 0.1 137 5680
300 280 1400 | 6.67% 46.2 60.6 0.33 932 233 26.25 0622 | 0.13 135 5600
300 260 1300 |13.33% 46.1 61.5 0.21 591 1.11 13.5 0.469 | 0.27 133 5200
300 240 1200 |20.00% 46 62.4 0.16 468 0.63 8.256 0334 | 041 130 4800
300 220 1100 |26.67% 43.3 62.5 0.14 405 0.42 6 0.267 | 0.41 127 4400
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6K RPM, 70n,; 5-27-93

Stator is-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-ibs deg F RPM

Harmonics
300 208 1490 0.67% 67.3 73 0.24 1155 1.16 12.25 0.249 0.13 176 5960
300 296 1480 1.33% 64.7 ‘72 0.35 1620 3.33 35.5 0.512 0.13 173 5920
300 294 1470 | 2.00% 62 71.6 0.42 1871 4.64 49.75 0617 | 013 | 17 5880
300 292 1460 | 2.67% 59.5 71.3 0.45 1912 5.07 54.75 0660 | 0.13 | 169 5840
300 290 1450 | 3.33% 57.8 71.3 0.45| 1851 5.06 55 0680 | 0.13 | 168 5800
300 288 1440 4,00% 56.3 71.2 0.44 1750 4.82 52.75 0.685 0.13 166 5760
300 286 1430 4.67% 55 71.7 0.42 1655 4,54 50 0.682 0.13 164 5720
300 284 1420 5.33% 53.9 719 0.4 1550 4.21 46.75 0.676 0.13 160 5680
300 280 1400 6.67% 52.9 72.2 0.36 1395 3.75 42.25 0.669 0.13 156 5600
300 260 1300 |[13.33% 53.1 73.3 0.23 873 1.86 22,5 0529 | 027 | 154 5200
300 240 1200 |20.00% 52.3 73.6 0.17 667 1.07 14 0.398 | 0.41 151 4800
300 220 1100 |26.67% 52.7 73.6 0.1 569 0.72 10.25 0.313 | 0.53 | 146 4400
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HP

HP/SLIP ou0 Hz
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9K RPM, 4bn: 5-28-93

Stator fs-ir Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
450 447 2235 0.67% 45.7 37.1 0.33 561 1.28 -9 0.566 0.07 146 8940
450 446 2230 0.89% 44,6 36.9 0.38 628 1.59 11.25 0.630 0.07 145 8920
450 444 2220 1.33% 40.7 36.6 0.47 704 2.1 15 0.747 0.07 143 8880
450 442 2210 1.78% 375 36.8 0.51 707 2.21 15.75 0.777 0.07 142 8840
450 440 2200 2.22% 36 36.9 0.51 674 213 15.25 0.786 0.07 142 8800
450 438 2190 2.67% 345 37 0.5 636 2.02 14.5 0.788 0.08 141 8760
450 434 2170 3.56% 32.6 37.2 0.44 540 1.72 12.5 0.793 0.11 140 8680
450 430 2150 4,44% 315 37 0.41 485 1.54 11.25 0.787 0.13 141 8600
450 420 2100 6.67% 30.6 37.7 0.32 370 1.07 8 0.717 0.2 142 8400
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9K RPM, 5u..; 5-28-93

Stator fs-ir Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eft. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
450 447 2235 | 0.67% 58.4 490.2 0.29 836 1.70 12 0.506 { 0.07 148 8940
450 446 2230 | 0.89% 56.9 48.6 0.34 940 2.19 15.5 0.580 0.07 147 8920
450 444 2220 1.33% 52.5 48 0.46 1160 3.24 23 0.695 | 0.08 143 8880
450 442 2210 | 1.78% 47.4 48 0.52 1173 3.51 25 0.743 0.09 140 8840
450 440 2200 | 2.22% 455 48.4 0.52 1132 3.49 25 0.767 0.09 141 8800
450 438 2190 | 2.67% 43.3 48.4 0.5 1056 3.23 23.25 0.761 0.09 142 8760
450 434 2170 3.56% 40.7 49.2 0.46 926 2.82 20.5 0.758 0.11 144 8680
450 430 2150 | 4.44% 40.1 49 0.42 834 2.52 18.5 0.753 0.13 145 8600
450 420 2100 | 6.67% 39.5 49 0.32 627 1.77 13.25 0.700 0.2 147 8400
450 400 2000 [11.11% 38.8 50.3 0.24 462 1.14 9 0.615 | 0.33 147 8000
450 380 1900 |[15.56% 38 50.4 0.19 374 0.78 6.5 0.521 0.47 148 7600
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9K RPM, 6VR; 5-28-93

Stator {s-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor

FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

450 448 2240 | 0.44% 739 61 0.22 980 1.14 8 0289 | 0.09 | 168 8960
450 447 2235 | 0.67% 72.2 60.3 0.31 1315 2.77 19.5 0.523 | 0.11 174 8940
450 446 2230 | 0.89% 70.5 60.1 0.36 1521 3.43 24.25 0.561 0.1 175 8920
450 444 2220 | 1.33% 65.6 59.5 0.46 1790 5.07 36 0.705 | 0.11 174 8880
450 442 2210 | 1.78% 60.1 58.9 0.52 1835 5.44 38.75 0.737 | 0.1 172 8840
450 440 2200 | 2.22% 56.8 59.1 0.52 1760 5.31 38 0.750 | 0.11 168 8800
450 438 2190 2.67% 54.3 59.3 0.51 1655 5.04 36.25 0.757 0.11 165 8760
450 434 2170 | 3.56% 51.3 59.8 0.47 1450 4.34 31.5 0.744 | 0.11 163 8680
450 420 2100 6.67% 48.4 60.6 0.34 977 2.63 19.75 0.670 0.2 158 8400
450 400 2000 {11.11% 47.8 61.6 0.24 694 1.59 12.5 0569 | 034 { 155 8000
450 380 1900 |{15.56% 47.7 62.2 0.19 570 1.12 9.25 0487 | 0.47 | 153 7600
450 360 1800 1(20.00% 47.2 62.3 0.17 496 0.83 7.25 0.415 | 0.61 152 7600
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9K RPM, 70~, 5-28-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
450 448 2240 0.44% 84.1 73 0.23 1410 1.81 12.75 0.320 0.13 181 8960
450 447 2235 | 0.67% 829 72.5 0.3 1820 3.55 25 0.485 | 0.13 | 189 8940
450 446 2230 | 0.89% B1.7 721 0.36 2090 4.88 34.5 0.581 0.13 | 193 8920
450 444 2220 | 1.33% 7714 71.5 0.47 2560 7.22 51.25 0.701 0.13 | 196 8880
450 442 2210 | 1.78% 719 713 0.53 2710 8.07 57.5 0.740 | 0.13 | 195 8840
450 440 2200 2.22% 68.1 71.4 0.55 2650 8.03 57.5 0.753 0.13 193 8800
450 438 2190 2.67% 64.7 714 0.54 2510 7.61 54.75 0.754 0.13 11 8760
450 434 2170 | 3.56% 60.2 71.5 0.51 2190 6.61 48 0.751 0.13 | 188 8680
450 420 2100 6.67% 55.3 724 0.37 1480 413 31 0.694 0.2 184 8400
450 400 2000 (11.11% 53.7 73 0.26 1040 2.48 19.5 0592 | 0.34 | 180 8000
450 380 1900 |15.56% 54.8 73 0.21 850 1.78 14.75 0.520 | 0.47 | 179 7600
450 360 1800 |20.00% 55.6 73.2 0.18 730 1.31 115 0.448 0.61 179 7200
450 350 1750 (22.22% 55.6 73.1 0.17 700 1.19 10.75 0.424 0.67 180 7000
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9K No Choker50A; 6-7-93

Stator 1s-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor

FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs degF RPM

Harmonics

450 447 2235 0.67% 117.3 54,7 0.17 1070 1.13 8.00 0.264 0.07 148 8940
450 446 2230 0.89% 113.7 53 0.19 1200 1.91 13.50 0.396 0.07 147 8920
450 444 2220 1.33% 112.4 52.9 0.23 1340 2.54 18.00 0.471 0.08 143 8880
450 442 2210 1.78% 110 53 0.24 1400 2.88 20.50 0.511 0.09 140 8840
450 440 2200 | 2.22% 109.8 53.6 0.23 1390 2.79 20.00 0.500 | 0.09 | 141 8800
450 438 2190 | 2.67% 109 52.2 022 | 1260 2.43 17.50 | 0.480 | 0.09 | 142 8760
450 434 2170 3.56% 111 52.2 0.2 1160 2.20 16.00 0.472 0.11 144 8680
450 430 2150 | 4.44% 108.2 51 0.19 1070 2.01 14,75 0.468 | 0.13 | 145 8600
450 420 2100 6.67% 111 52.7 0.17 960 1.50 11.25 0.388 0.2 147 8400
450 400 2000 |[11.11% 113 54.7 0.14 850 1.05 8.25 0.306 | 0.33 | 147 8000
450 380 1900 |[15.56% 107 52.5 0.13 710 0.75 6.25 0.264 0.47 148 7600
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Torque; in-lbs

Torque/Slip No Luoke; 450 Hz

Torque/Slip vs Current (lds=lqs); Stator = 450 Hz (9000 RPM)
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Power Factor

PF/Slip; No Chiuxe; 450 Hz

PF/Slip vs Current (lds=zIlgs); Stator = 450 Hz (9000 RPM)
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12K RPM, avA; 6-1-93

Stator fs-ir Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs degF RPM

Harmonics
600 596 2980 0.67% 46.3 36 0.41 762 1.70 9 0.555 | 0.07 142 11920
600 594 2970 1.00% 48 35.6 0.5 861 245 13 0.708 | 0.07 | 145 11880
600 592 2960 1.33% 44 36.1 0.55 854 2.68 14.25 0.780 | 0.07 { 135 11840
600 590 2950 1.67% 39.6 36.4 0.56 811 2.57 13.75 0.789 | 0.07 130 11800
600 588 2940 2.00% 37.5 36.3 0.56 765 2.38 12,75 0.773 | 0.08 137 11760
600 586 2930 2.33% 36.4 36.8 0.55 735 2.28 1225 | 0.771 0.09 137 11720
600 584 2920 2.67% 354 37 0.53 693 2.13 11.5 0.765 0.1 137 11680
600 580 2900 3.33% 32.6 37.2 0.48 576 1.79 9.75 0.775 | 0.13 137 11600
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12K RPM, buA; 6-1-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks Temp Speed
Hz Hz RPM % L-N {A/phase) 1 Phase in-lbs deg F RPM

Harmonics
600 598 2990 0.33% 73.3 49 0.25 887 1.38 7.25 0.386 0.09 154 11960
600 596 2980 0.67% 68.5 48.2 0.4 1308 3.22 17 0.611 0.09 151 11920
600 594 2970 1.00% 62.8 47.7 0.5 1501 4.29 22.75 0.710 0.09 148 11880
600 592 2960 1.33% 57.6 475 0.55 1520 4.60 245 0.753 0.09 145 11840
600 590 2950 1.67% 52.2 47.4 0.59 1448 4.63 24.75 0.796 0.09 144 11800
600 588 2940 2.00% 49 478 0.58 1352 4.38 23.5 0.807 0.09 143 11760
600 586 2930 2.33% 47.5 47.9 0.57 1306 4.14 22.25 0.788 0.09 143 11720
600 584 2920 2.67% 45 48.4 0.54 1178 3.80 20.5 0.802 0.11 145 11680
600 580 2900 3.33% 42.8 48.7 0.51 1055 3.36 18.25 0.792 0.13 145 11600
600 560 2800 6.67% 39.6 50 0.32 636 1.82 10.25 0.712 0.27 139 11200
600 550 2750 8.33% 39.6 49.5 0.28 544 1.31 7.5 0.598 0.34 169 11000
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12K RPM, 7un; 6-1-93

Stator {s-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

600 598 2990 0.33% 102 715 0.22 1590 2.37 12.5 0.371 0.13 218 11960
600 596 2980 0.67% 98.7 70 0.36 2540 6.10 32.25 0.597 0.13 208 11920
600 594 2970 1.00% 93.3 70 0.48 3120 8.62 45.75 0.687 0.13 201 11880
600 592 2960 1.33% 86.5 70 0.56 3390 10.00 53.25 0.734 0.13 195 11840
600 590 2950 1.67% 79.9 70.4 0.61 3450 10.77 57.5 0.776 0.13 189 11800
600 588 2940 2.00% 75.1 71.4 0.62 3330 10.50 56.25 0.784 0.13 185 11760
600 586 2930 2.33% 71.4 71.2 0.62 3170 10.09 54.25 0.791 0.13 181 11720
600 584 2920 2.67% 68.2 724 0.6 2980 9.59 51.75 0.800 0.13 175 11680
600 580 2900 3.33% 63.3 72.6 0.57 2620 8.42 45.75 0.799 0.13 165 11600
600 560 2800 6.67% 55.1 731 0.37 1490 4.27 24 0.712 0.27 158 11200
600 540 2700 |10.00% 53.9 74.2 0.28 1130 2.91 17 0.641 0.4 153 10800
600 520 2600 | 13.33% 53.8 74.6 0.22 873 1.98 12 0.564 0.53 130 10400
600 500 2500 |16.67% 54.2 74.8 0.2 800 1.63 10.25 0.506 0.67 145 10000
600 480 2400 | 20.00% 54.8 74.4 0.19 750 1.33 B.75 0.442 0.81 170 9600
600 460 2300 |23.33% 54.7 74.5 0.17 710 1.13 ' 7.75 0.396 0.93 177

9200
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Torque; in-lbs
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Efficiency

Eff/Slip v 4 Hz

Efficiency/Slip vs Current (lds=Igs); Stator = 600 Hz (12000 RPM)
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14K RPM, auA; 6-4-93
Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volis Current PF | Power (W) HP Torque Eff. Ks Temp Speed
Hz Hz RPM % L-N {A/phase) 1 Phase in-lbs deg F RPM
Harmonics
700 696 3480 0.57% 54.7 36 0.45 890 2.26 10.25 0.633 0.07 121 13920
700 694 3470 0.86% 51 36 0.53 970 2.59 11.75 0.663 0.07 121 13880
700 692 3460 1.14% 47 35.8 0.57 935 2.69 12.25 0.715 0.07 121 13840
700 690 3450 1.43% 42 35.9 0.59 895 2.57 11.75 0.715 0.07 118 13800
700 688 3440 1.71% 40 36.3 0.59 845 2.40 11 0.707 0.08 117 13760
700 686 3430 2.00% 38 36.5 0.57 798 2.29 10.5 0.712 0.09 116 13720
700 684 3420 2.29% 36.5 36.6 0.55 749 217 10 0.721 0.1 115 13680
700 682 3410 2.57% 348 36.8 0.52 666 1.95 9 0.727 0.12 114 13640
700 680 3400 2.86% 341 37.1 0.51 640 1.78 8.25 0.692 0.13 113 13600
700 678 3390 | 3.14% 33.8 37.2 0.49 611 1.72 8 0.701 0.14 113 13560
700 676 3380 | 3.43% 33.3 374 0.45 560 1.56 7.25 0.691 0.16 112 13520
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14K BPM, buA; 6-4-93

Stator fs-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
700 698 3490 0.29% 82 48.8 0.27 1106 1.94 8.75 0.436 0.08 160 13960
700 696 3480 0.57% 76.7 48 0.41 1510 4.09 18.5 0.673 0.08 158 13920
700 694 3470 0.86% 71.2 474 0.51 1697 4.85 22 0.710 0.08 149 13880
700 692 3460 1.14% 64.2 47.3 0.57 1730 5.22 23.76 0.750 0.08 145 13840
700 690 3450 1.43% 57 47 0.61 1660 5.26 24 0.787 0.08 139 13800
700 688 3440 1.71% 52.3 474 0.6 1504 4.86 22.25 0.803 0.09 136 13760
700 686 3430 2.00% 48.7 479 0.59 1384 435 20 0.782 0.1 134 13720
700 684 3420 2.29% 474 478 0.57 1299 4.07 18.75 0.779 0.11 135 13680
700 682 3410 2.57% 46 48.1 0.55 1222 3.90 18 0.793 0.12 131 13640
700 680 3400 2.86% 453 48.4 0.53 1158 3.61 16.75 0.776 0.13 129 13600
700 678 3390 3.14% 44.3 48.5 0.51 1092 3.33 15.5 0.759 0.14 127 13560
700 676 3380 3.43% 42.5 48.7 0.47 963 2.84 13.26 0.734 0.16 117 13520
700 674 3370 3.711% 429 48.8 0.45 938 2.73 12.75 0.723 0.17 122 13480
700 660 3300 5.71% 41.2 494 0.34 687 1.83 8.75 0.663 0.27 125 13200
700 640 3200 B.57% 41.6 50.6 0.27 556 1.27 6.25 0.568 0.27 125 12800
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ToA: 6-4-93

14K RPM,

Stator is-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor
FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff, Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics
700 698 3490 0.29% 96.6 60 0.23 1340 2.05 9.25 0.380 0.08 154 13960
700 696 3480 0.57% 9.5 58.9 0.41 2195 5.80 26.25 0.657 0.08 173 13920
700 694 3470 0.86% 85.3 58.5 0.51 2560 7.32 33.25 0.711 0.1 179 13880
700 692 3460 1.14% 771 59.1 0.59 2677 8.29 37.75 0.770 0.1 177 13840
700 690 3450 1.43% 69.9 59.4 0.63 2612 8.10 37 0.771 0.11 175 13800
700 688 3440 1.71% 65.7 59.9 0.63 2460 7.75 355 0.783 0.11 172 13760
700 686 3430 2.00% 63 60.2 0.62 2340 7.29 33.5 0.775 0.11 170 13720
700 684 3420 2.29% 60.1 60 0.6 2175 6.78 31.25 0.776 0.11 168 13680
700 682 3410 2.57% 58.6 60.4 0.59 2070 6.60 30.5 0.793 0.12 165 13640
700 680 3400 2.86% 57 60.3 0.57 1962 6.26 29 0.793 0.13 163 13600
700 670 3350 4.29% 51.8 60.9 0.46 1438 4.31 20.25 0.745 0.2 161 13400
700 660 3300 5.711% 50 61.4 0.38 1166 3.25 15.5 0.692 0.27 159 13200
700 640 3200 8.57% 49 61.9 0.29 883 2.28 11.26 0.643 0.4 157 12800
700 620 3100 |11.43% 48.5 61.9 0.23 704 1.57 8 0.556 0.53 150 12400
700 600 3000 |14.29% 48 62.2 0.2 626 1.24 6.5 0.492 0.67 154 12000
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14K RPM, 7uA; 6-4-93

Stator is-fr Dyno Motor Motor Motor Dyno Motor | Motor Motor Motor

FREQ FREQ Speed Slip Volts Current PF | Power (W) HP Torque Eff. Ks | Temp Speed
Hz Hz RPM % L-N (A/phase) 1 Phase in-lbs deg F RPM

Harmonics

700 698 3490 0.29% 106.5 62.2 0.26 1700 3.05 13.75 0.446 0.13 226 13960
700 696 3480 0.57% 105 63.8 0.38 2550 6.90 31.26 0.673 0.13 222 13920
700 694 3470 0.86% 100.5 65.5 0.49 3170 0.69 44 0.760 0.13 216 13880
700 692 3460 1.14% 94.7 67.2 0.56 3590 10.76 49 0.745 0.13 212 13840
700 690 3450 1.43% 87.6 68.9 0.63 3780 11.88 54.25 0.781 0.13 209 13800
700 688 3440 1.71% 82.4 69.9 0.64 3720 11.84 54.25 0.792 0.13 205 13760
700 686 3430 | 2.00% 78.4 70.8 0.65 3590 11.37 52.25 0.788 0.13 202 13720
700 684 3420 2.29% 74.5 71.4 0.64 3400 10.85 50 0.794 0.13 197 13680
700 682 3410 2.57% 71 71.9 0.63 3200 10.33 47.75 0.803 0.13 192 13640
700 680 3400 2.86% 67.7 72.3 0.61 2980 9.60 . 44.5 0.801 0.14 186 13600
700 670 3350 | 4.29% 60.6 73.4 0.51 2275 7.07 33.26 0.773 0.2 175 13400
700 660 3300 5.71% 57.6 73.6 0.42 1786 5.24 25 0.729 0.27 170 13200
700 640 3200 | 8.57% 56 73.7 0.31 1276 3.35 16.5 0.653 0.4 160 12800
700 620 3100 | 11.43% 55.3 74.3 0.26 1076 2.56 13 0.591 0.53 167 12400
700 600 3000 | 14.29% 55.9 74.6 0.22 909 1.95 10.25 0.534 0.67 161 12000
700 580 2900 17.14% 56.2 74.8 0.2 845 1.61 8.75 0.474 0.81 170 11600
700 560 2800 1{20.00% 56.1 74.9 0.19 800 1.38 7.75 0.428 0.93 178 11200
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APPENDIX F

System Efficiency Data

The tables containing the measured data have column headings defined below:

Heading
AC Current Amps

AC PF

AC Power (W) 20 KHz

DC Current
DC Volts
Dyno HP

Dyno Speed RPM
inverter % eff.

Ks

Motor Temp deg F

Motor Torque in-Ibs
Power Sig % eff.
Stator FREQ, Hz

System % eff.

Definition

The AC current moving between the inverter output
and the motor controller input.

The power factor in the fine between the inverter output
and motor controller.

The power out of the inverter and into the motor controller.
The inverter DC input current.
The DC voltage on the input to the 20 KHz inverter.

The horsepower out of the motor, adjusted for gearbox
inefficiencies.

The speed of the dynamometer shaft.
The efficiency of the 20 KHz inverter.

The slip constant used in computing the
commanded motor slip.

The temperature of the stator in degrees
Fahrenheit.

The motor torque output at the motor shaft.
The efficiency of the motor controliers power stage.
The stator current drive frequency.

The efficiency of the inverter , controller and motor.
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Svstem Efficiency Test Notes

July 1993

In order to calculate Inverter, Power Stage (controller), Motor, and System
Efficiency, power must be measured at four test points.

1) DC power input to the inverter.

2) AC power output from the inverter and into the power stage.

3) Power into the motor.

4) Power out of the motor.

Due to availability of only one power analyzer (Yokogawa 2355), the data used in
these calculations was gathered in a series of two measurements.

The first set of measurements was performed when the “Motor Curves” data was
gathered. The second set of data duplicated the test conditions of the “Motor
Curves” data at select operating points and recorded the Inverter Output Power,
Current and Power Factor.

A source of error is introduced when re-creating test conditions present in the first
set of measurements. This error is caused by the tendency of the rotor resistance to
vary over temperature. If the rotor resistance changes, the corresponding slip value
to produce a given torque changes also. This results in a torque error.

The measurements made in the attached document minimized this torque error by
monitoring the temperature of the stator, and where possible making the
measurements at the same temperature as the “Motor Curves” data. [f the
temperature in the secondary measurements was difficult to maintain, the slip was
adjusted to produce the same torque as in the previous set of measurements. This
adjustment was typically small.

The difficulty in making these measurements limited the number of data points that

could be recorded within a reasonable time frame. For this reason the data was
gathered at peak efficiency and several adjacent operating points.
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68

System Efficie.cy; 150 Hz

Stator Dyno Motor Dyno DC DC AC AC AC InverteriPowr StgiSystem Motor
FREQ | Speed | Torque HP Voits | Current | PF | Power (W) | Current % eff. % eff. %etf. | Ks Tem
Hz RPM in-lbs 20 KHz Amps deg F
40 A/Phase R R o A A B
150 | 730 | 125 058 | 150 | 242 014, 1730 | 355 48 53 1+ 12 ;007 11
150 710 1475 | 066 | 150 | 247 | 014} 1780 354 | 48 | _49 | 13 007 118
150 | 680 11.5 0.50 | 150 238 014 | 1670 853 | 47 ,...42 _ J0 | 01 | 120
150§ _ 600 7 027 | 150 | 226 {012: 1500 | 36 .44 | .8 _ 8 02 | 121
i
mo >\v=mw° —_ . [ — PUUHUUUINIPEINE SNSRI . - - . e e - e e ————— -
150 730 17.5 0.81 150 289 | 014 2400 48 1 5 61 14 [0.09 150
150 1 _700 27 1.20 | 150 311 | o016 2720 | 493 | 88 | 57 | 19 1009 147
150 | 680 225 | 097 _150 29.9 0.15 2560 | 478 | 57 | _S1 | 16 | 0.1 141
150 600 13.25 0.50 150 271 ] 044 | 2160 435 | 53 | .4 9 102 130
60 A/Phase b b b
| 150 730 21.5 1.00 152.7 333 | 0.15 3060 526 B0 i 66 [ 15 | 0.07 121
150 700 38 1.69 152.7 372 | 017 | 3650 | 52.6 B4 1 60 | 2 ;.01 120
150 680 33.75 1.46 152.7 36.4 0.16 3520 525 ~ 83 55 . 20 | 01 | 127 |
150 600 20.25 0.77 152.7 33.1 0.15 3050 49 | 60 4 11 02 | 133 _
70 AlPhase R I ! S N D A
150 730 39 1.81 153.2 42 0.19 4380 57.8 68 | 70 | 21 013 170
150 710 56.5 2.55 153.2 457 021 ) 4960 58.4 4 T T - LA -2 A  0.13 | 166 _
150 680 50.25 217 11832 | 4 | 02 4720 60 | 70 60 | 24 0.13 | 160
150 600 28.25 1.08 | 153.2 394 | 0.16 | 3980 598 66 | 46 13 0.2 144
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System Efficie..cy; 300 Hz

Stator | Dyno Motor Dyno DC DC AC AC AC Inverter| Powr Stg|System Motor
FREQ | Speed | Torque HP Volts | Current | PF | Power (W) | Current % eff. % eff. % eff. Ks Temp
Hz RPM in-lbs 20 KHz Amps deg F
a0 APhase | L e A e A R
301 & 1480 | 125 | 117 | 151 | 283 ;018 2340 [ 873 ! 55 | 67 i 20 | 01 | 134
300 | 1470 13.25 1.24 151 283 | 0.18 . 2400 38 56 | 65 | 22 1008]| 136 _
300 1450 12.25 1.13 151 283 | 0.17 2330 389 | 55 58 | 20 | 0.07 132
300 | 1420 | 11 | o099 | 151 | 275 o016 2210 | 387 | 53 | 55 | 18 [009| 130
50 A/Phase 1 [N R S A W |
299.2 1480 14.25 1.34 151 321 018 , 2860 41.5 59 79 21 0.065| 126
299.2 | 1470 20.5 1.91 151 35.8 0.21 | 3310 141.8 61 | 78 | 26 10.065| 124
300 1450 23 2.12 151 35.8 0.21 | 3480 43 64 72 | 29 1009| 140 _
300 | 1420 17.75 1.60 151 33.7 0.18 3120 43.8 61 64 23 0.1 134
70 A/Phase _ N [ A A I I
300 | 1480 35.5 3.33 155 48.3 0.25 | 5440 52.6 73 | 89 33 0.11 120
300 1470 49.5 4.62 155 54.4 0.29 | 6430 52.5 76 87 41 0.11 125
300 1450 54,75 5.04 155 56.6 0.3 6800 49 78 8 43 0.2 132
300 1420 46.75 4.21 155 52.9 027 | 6180 57.8 75 75 38 0.13 150




16

System Efficieivy; 450 Hz
Stator | Dyno Motor Dyno DC DC AC AC AC Inverter{Powr StgiSystem Motor
FREQ | Speed | Torque HP Voits | Current | PF | Power (W) ] Current % etf. % eff. % eff. Ks Temp
Hz RPM in-lbs 20 KHz Amps deg F |
50APhase |, - HRE A A R o
450 2230 15.5 219 | _151 344 1023, 330 , 412 | 64 .85 32 | 007 141
450 | 2210 | 2675 | 375 | 151 | 416 029! 4390 | 44 | 70 _j 80 | 45 1009 ._140
450 | 2200 25.25 353 | 151 | 408 1027 | 4250 | 451 | _ 69 | 8 | 43 | 014 141
450 2170 21.25 293 | 151 37.8 0.24 13800 459 67 73 38 011 132
70 A/Phase SN R IR S VR A SN EOU N E A
450 | 2230 34 4.81 153 566 | 034 6600 547 | 76 95 41 0.13 200
450 2210 57.25 8.03 153 727 1044 9170 602 | 8 | 91 54 1013, 193
450 2200 57.5 8.03 153 727 | 043 9190 61.2 83 9 | 54 [013] 182
450 2170 48 6.61 163 66 037 | 8160 626 81 84 49 1013} 177
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System Efficierwy; 600 Hz

Stator Dyno Motor Dyno DC DC AC AC AC Inverter|Powr Stgi{System Motor
FREQ | Speed | Torque HP Volts | Current | PF | Power (W) | Current % eff. % eff. % eff. Ks Temp
Hz RPM in-lbs 20 KHz Amps deg F
50APhase | | o I T |
600 | 2070 | 225 | 424 | 152 | 445 | 0341 5000 | 408 | 74 | 90 | 47 009/ 185
600 2950 24,25 4.54 152 46 0.33 5090 ;426 73 88 48 0.09 | 147
600 2930 | 22.25 414 152 44,3 0.31 4780 433 71 82 46 0.09 149
600 2900 18.25 3.36 152 404 {026 | 4210 ! 453 69 75 41 [ 013 | 148
70 A/Phase ) T T o
600 2970 455 8.58 155 748 | 045 9660 | 60 83 97 55 0.13 | 191
600 2950 57 10.67 155 828 0.48 10930 63.9 85 95 62 013 | 192
600 2930 53.25 9.90 155 79.8 0.47 10390 62.9 84 92 60 0143 | 192
600 2800 2425 | 431 155 535 | 0.28 6300 62.5 76 71 39 j027| 185
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) System Efficiéty; 700 Hz
Stator | Dyno Motor Dyno DC DC AC AC AC Inverter|Powr Stg|System Motor
FREQ | Speed | Torque HP Volts | Current | PF | Power (W) | Current % eff. % eff. %eff. | Ks Temp
Hz RPM in-lbs 20 KHz Amps deg F |
soAPhase | | _ 1. N R B I R
_.700 | 3480 | 17.75 392 | 154 | 4445 | 032 4780 408 A 95 .43 1008 157
700 | 3450 2325 | 5.09 154 50.1 0.38 5730 42.5 74 87 49 0.08 | 141
700 3440 21 _4.58 151 | 484 0.36 5370 423 73 84 | 47 009 136
700 | 3410 16.5 3.57 151 | 434 | 03 | 4610 | 434 | 70 80 |_4 |o012) 130
70 A/Phase ] S Y T N OO AN IS S
700 3480 31 6.85 178 62.6 0.44 8370 52 7% N 46 | 013 ; 220
700 3450 53.75 | 11.77 178 829 0.54 11930 62.2 .81 9% 59 10.13 209
699.3 3440 53.5 11.68 178 829 0.54 11900 621 81 94 59 | 0.12 205
699.2 3410 47.25 10.23 177 | 7638 0.51 10790 599 | 9 1. _ 89 56 012 191




APPENDIX G

Loss/Efficiency Data

The tables containing the measured data have column headings defined below:

Heading

Commanded Speed, RPM
DC Current

DC Volts

Dyno Speed RPM

Dyno Torque in-lbs

fs-fr FREQ, Hz

Gear Tempdeg F

Ids*

Inv/Cont Eff. %

Igs*

Motor HP

Motor Temp deg F

Motor Torque, in-lbs

One Phase Current Amps
One Phase Power (W)
Single Phase PF

System Eff. %

finiti
The commanded motor speed.
The input current (amps) to the inverter.

The DC voltage measured at the input to the
inverter.

The speed of the dynamometer shatft.

The torque output of the gearbox prior to
compensation for gearbox friction.

The difference between the stator and rotor
frequencies.

The temperature of the gearbox in degrees
Fahrenheit.

The commanded value of the direct axis
current.

The efficiency of the inverter and motor
controller.

The commanded value of the quadrature
axis current.

The horsepower out of the motor.

The temperature of the stator in degrees
Fahrenheit.

The motor torque value after adjusting for
test equipment friction losses.

The current into one phase of the motor.
The real power in one phase of the motor.

The power factor into one phase of the motor.

The efficiency of the system from inverter input to motor

output. Adjusted for test set inefficiencies.

95



Loss / Efficiency Test Notes

July 1993

Loss/Efficiency measurements were made in accordance with the “40 HP Task
Order System Test Plan” section 3.2.2

Measurements were made at and around the operating point of maximum
efficiency.

The “Commanded Speed, RPM” is the motor speed commanded on the computer
monitor. It does not directly represent the stator frequency since the stator
frequency is dependent on the slip gain, and the values of Igs and Ids in addition to
the commanded speed input from the computer.

The “Dyno Torque” is the commanded value of load torque imposed by the
dynamometer. Although a fixed torque value was commanded for a series of tests,
the dyno load tended to vary with speed.

All measurements have been adjusted to compensate for gear box frictional losses.
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L6

Loss/Eff 21 1o 33 in-lbs

Commanded | fs-fr | Dyno | Motor { Motor] DC DC | Single | One Phase | One Phase | InviCont | System | Ids* | Igs* | Motor | Gear Dyno
Speed FREQ | Speed | Torque | HP | Volits | Current Phase | Power (W) Current Eff. % Eff. % Temp | Temp | Torque
RPM Hz RPM | in-lbs PF Amps degF | deg F| in-lbs
14000 680 3400 | 3325 | 7.18 | 154 | 65.1 0.59 2290 62.4 68.5 53.4 40 | 648| 160 |1058| 102
14000 683.8 | 3419 | 33.25 | 7.22 | 154 | 643 0.62 2320 58 70.3 54.4 45 58 161 |107.2) 102
14000 684.8 | 3424 33 7.17 | 154 63 0.62 2350 56.2 72.7 55.1 48 | 48 162 |109.4| 102
14000 686.2 | 3431 33 719 | 154 | 634 0.61 2360 55.8 72.5 54,9 50 46 163 |110.7| 102
14000 689.6 | 3448 | 3275 | 7.17 | 154 | 64.7 0.53 2530 575 76.2 53.7 60 31 168 [111.7] 102
14000 690.4 | 3452 325 | 712 | 154 | 66.7 0.46 2720 62.6 79.4 51.7 70 29 181 |113.1] 102

12000 578 2800 | 3325 | 6.10 |154.6| 606 | 052 | 1966 65.4 63.0 48.6 40 | 676 142 ;928 100
12000 582.2 | 2911 33 6.10 {154.6! 58 0.57 1960 58.6 65.6 50.7 45 1526| 143 | 959 100
12000 585 2025 325 | 6.03 |1546| 572 | 0.58 1967 56.1 66.7 50.9 48 4511 143 | 98.9 99
12000 585.8 | 2929 32 5.95 [ 154.6] 56.6 0.57 1967 55.1 67.4 50.7 50 | 413 145 |1004] 99
12000 589.2 | 2946 32 598 |{1546] 574 | 0.51 2140 57.2 72.3 50.3 60 | 30 148 |101.9] 99
12000 591 2055 | 32.75 | 614 | 154 | 604 | 0.45 2400 63.3 774 493 70 28 167 | 90.4 97
9000 4288 | 2144 | 28.75 | 3.91 | 153 | 489 0.42 1350 62.6 54.1 39.0 35 63 142 | 97.7 88
9000 4324 | 2162 | 28.75 | 3.95 | 153 | 469 0.49 1335 55.5 55.8 410 40 53 143 99 88
9000 436.2 | 2181 285 | 395 | 153 | 46.1 0.51 1356 52.5 57.7 41.7 45 | 45 143 | 995 | 88
9000 4376 | 2188 | 28.25 | 3.92 | 163 | 459 0.5 1407 51.9 60.1 M7 50 34 145 100 88
9000 4141 2205 28,5 | 399 153 47 0.44 1541 55.8 64.3 414 60 | 263 148 101 89
9000 4422 | 2211 | 2875 | 4.03 | 154 | 50.5 0.4 1777 63 68.5 38.7 70 | 225! 159 | 88.1 90
6000 281.8 | 1409 23 2.06 [153.5] 39.2 | 0.33 871 56.9 434 - 256.5 35 | 563 138 94 80
6000 285.2 | 1426 26 235 1153.5| 378 | 0.39 864 51.4 447 30.3 40 | 45 136 | 95.2 80
6000 287 1436 26 237 [153.5| 37.2 0.4 878 50.4 46.1 309 42 | 41 135 | 958 80
6000 288.4 | 1442 | 25.75 | 2.36 | 153.5| 37 0.41 893 49.4 47.2 31.0 45 | 35.7 | 134 96 80
6000 2004 | 1452 | 25.75 | 2.37 | 153.5| 37.2 | 0.41 939 50.3 493 31.0 50 | 30 134 | 96.5 80
6000 202 1460 | 25.75 | 2.39 |153.5| 388 | 0.37 1059 55.4 53.3 29.9 60 1225| 134 | 96.9 80
6000 203.2 | 1466 26 2.42 11545| 41.22 | 0.33 1220 62.2 57.5 28.3 70 1 20.7| 164 | 945 81
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Loss/Eff 21 tv 33 in-lbs
Commanded | fs-fr Dyno | Motor j Motor| DC DC__| Single | One Phase | One Phase | Inv/Cont| System lds* | lqs* | Motor | Gear | Dyno
Speed FREQ | Speed | Torque | HP | Volts | Current| Phase | Power (W) Current Eff. % Eff. % Temp | Temp | Torque
RPM Hz RPM in-lbs PF Amps degF | deg F| in-lbs
3000 1324 | 662 215 | 090 [153.5| 315 0.2 453 534 28.1 13.9 35 56 136 88 70
3000 1368 | 684 215 | 0.93 |153.5] 295 0.24 436 47.2 28.9 15.4 40 43 135 | 88.5 70
3000 138.2 { 691 215 | 094 {153.5| 29 0.25 430 45.7 29.0 15.8 42 | 376 128 91 70
3000 139.6 | 698 2125 | 094 {153.5] 285 0.27 441 446 30.2 16.1 45 [ 319 128 | 915 70
3000 137.6 | 688 21.25 | 0.93 [153.5| 2941 0.28 477 45.3 32.0 15.5 45 | 263 128 | 916 70
3000 1424 | 712 21.25 | 0.96 |153.5] 29.7 0.28 519 47.2 342 15.7 50 | 225 120 | 91.6 70
3000 1438 [ 719 2125 | 097 |153.5! 319 0.26 620 54.2 38.0 14.8 60 | 188 132 | 91.9 70
3000 1446 | 723 215 | 0.99 [154.6]| 344 0.25 750 61.6 42.3 138 | 70 {169} 158 | 954 71
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Loss/Eff 29 1& 44  In-lbs
Commanded | fs-fr Dyno | Motor | Motor| DC DC | Single | One Phase | One Phase | Inv/Cont System | lds* | lgs* | Motor | Gear | Dyno
Speed FREQ | Speed | Torque | HP | Volts | Current| Phase | Power (W) Current Eff. % Eff. % Temp | Temp | Torque
RPM Hz RPM | In-lbs PF Amps degF | degF| in-ibs
14000 680.0 | 3400 | 43.00 | 9.28 | 155 778 0.63 3040 65.2 75.6 57.4 50 | 59.2 181 |113.0 144
14000 683.0 | 3415 | 43.75 | 9.48 | 155 77 0.63 3110 63.4 78.2 59.3 55 | 565.4| 184 1114.0| 146
14000 685.0 | 3425 | 43.75 | 951 | 155 77.8 0.60 3170 63.1 78.9 58.8 60 46 188 | 115.0| 146
14000 £687.2 | 3436 | 44.25 | 965 | 155 78.8 0.54 3330 65.6 81.8 58.9 70 40 194 |116.0| 147
12000 578.8 | 2894 | 40.75 | 7.48 | 154.6 | 68.1 0.58 2410 65.7 68.7 53.0 45 64 | 174 {110.0] 137
12000 5822 | 2911 | 4125 | 7.62 | 1546 | 66.7 0.60 2450 62.2 713 55.1 50 | 526| 176 (108.0| 138 _
12000 586.2 | 2931 | 41.00 | 7.63 | 1546 | 66.7 0.57 2600 614 75.6 55.2 60 43 179 {106.6] 137
12000 588.2 | 2041 | 41.25 | 7.70 | 1546 | 68.7 0.50 2810 65.5 79.4 54.1 70 30 177 {105.0] 138
9000 430.0 | 2150 | 36.75 | 5.01 | 1556 | 54.6 0.49 1710 63.2 60.4 44.0 45 64 151 |100.6] 123
9000 4340 | 2170 | 37.25 | 5.13 | 1656 | 53.5 0.52 1740 59.5 62.7 46.0 50 | 50.7| 154 {102.0] 124
9000 437.4 | 2187 | 37.00 [ 5.14 | 1556 | 63.7 0.50 1860 59.4 £66.8 45.9 60 | 376 157 |103.0] 123
9000 4400 | 2200 | 37.25 | 520 | 1556 | 55.8 0.44 2030 64.6 701 44.7 70 30 164 |103.0|] 124
6000 280.0 | 1400 | 33.50 | 2.98 | 156 445 0.35 1097 63.3 47.4 32.0 40 62 144 |100.5{ 112
6000 284.6 | 1423 | 33.75 | 3.05 | 156 42.4 0.40 1102 57.0 50.0 34.4 47 | 48 143 | 996 113
6000 286.4 | 1432 | 33.756 | 3.07 | 156 424 0.42 1120 55.8 50.8 34.6 50 §43.2| 144 | 99.2 113
6000 289.4 | 1447 | 34.00 | 3.12 | 156 43.2 0.40 1235 58.0 55.0 34.6 60 32 145 | 98.3 113
6000 201.2 | 1456 | 34.00 | 3.14 | 156 45.1 0.37 1361 634 58.0 333 70 26 143 | 979 113
3000 134.0 | 670 28.25 | 1.20 | 156 33.9 0.22 553 55.9 314 16.9 40 | 526| 120 | 98.3 100
3000 137.2 | 686 2825 | 123 | 156 325 0.26 561 51.6 33.2 18.1 45 | 413 123 | 978 100
3000 139.8 | 699 28.50 | 1.26 | 156 329 0.27 596 514 34.8 18.4 50 32 125 | 97.7 101
3000 141.2 | 706 28.75 | 1.29 | 156 34.1 0.27 689 55.8 38.9 18.1 60 | 244| 128 | 976 101
3000 143.2 | 716 28.75 | 1.31 | 156 36.2 0.26 808 62.6 429 17.3 70 | 20.7| 132 | 976 101




001

Loss/Eff 63 tv 70

in-ibs

Commanded | fs-fr Dyno | Motor | Motor{ DC DC Single | One Phase | One Phase | Inv/Cont | System | lds* | lqs* | Motor | Gear | Dyno
Speed FREQ | Speed | Torque | HP | Volits | Current| Phase | Power (W) Current Eff. % Eff. % Temp | Temp | Torque
RPM Hz APM | In-lbs PF Amps degF | degF | In-lbs
14000 6624 | 3312 70 14,71 161.8| 106.9 | 0.63 4730 80.6 82.0 63.5 70 70 100 | 103.5| 247
14000 678.2 | 3391 65 13.99| 159 101 0.62 4550 77.3 85.0 65.0 70 | 686 199 99.7 226
12000 581 2905 63.56 |11.71] 160 | 905 0.59 3880 749 80.4 60.3 70 | 56.3| 208 99.7 222
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Section

1

APPENDIX H

Worst Case Error Analysis

Subject

Core Loss and Magnetizing Inductance Error;
730 Hz & 55 A/Phase

Core Loss and Magnetizing Inductance Errot;
150 Hz & 28 A/Phase

Rotor Resistance and Leakage Inductance;
730 Hz & 75 A/Phase

System Efficiency Error
13,800 RPM & 70 A/Phase

Power Stage Efficiency Error
13,800 RPM & 70 A/Phase

Motor Efficiency Error
13,800 RPM & 72 A/Phase
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APPENDIX |

No Load Actuator Test Procedure

The following test procedure is copied from the Task 13 Statement Of Work.
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ATTACEMENT A
FREQUENCY RESPONSE TEST PROCEDURE

Install the actuator in test stand.

Connect necessary instrumentation to EMA.

Perform the following steps for each test case.
Apply specified sinusoidal command for a ten cycle minimum.
Determine gain and phase shift.
Plot position vs. command on X-Y plot.

Obtain strip chart data.

TEST CASE FREQUENCY (HZ) AMPLITUDE (INCHES)
ZERO TO PEAK

1 0.05 1,2 AND 5.0
2 0.25 0.1,0.25 AND 0.5
3 0.5 0.1,0.25 AND 0.5
4 1.0 _ 0.1,0.25 AND 0.5
5 2.0 0.1,0.25 AND 0.5
6 3.0 0.1,0.25 AND 0.5
7 4.0 0.1,0.25 AND 0.5
8 5.0 0.1,0.25 AND 0.5
9 6.0 0.1,0.25 AND 0.5
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ATTACHMENT A

STEP RESPONSE TEST PROCEDURE

Install actuator in test stand.
Connect all neccessary instrumentation to the EMA.
For each test case, perform the following:
Command actuator to zero inches.
Apply square wave of specified amplitude; at least 5 cycle
duration with 3 seconds between steps.
Obtain strip chart data.

TEST CASE STEP COMMAND (INCHES)
PEAK TO PEAK

0.5

1.0

2.0
4.0
6.0
8.0
10.0
11.0

® il ju [ W N e
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APPENDIX J
No Load Actuator Test Data

p=

The no load test data was recorded under the following conditions:

. Kpp = 14.3 and Kpr = 1.53 unless otherwise noted.
. Kpp is noted as Kp in the data.

. Command and Position scales are equal on the strip charts unless otherwise noted.
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